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 ABSTRACT 
 
There is a growing recognition worldwide of the need for more powerful, smaller petrol engines, 
capable of delivering the higher peaking power of larger engines, yet still being economical and 
environmentally friendly when used for day-to-day driving. An engineering solution for more 
efficient engines has been considered by research so far. It has been identified that superchargers 
can potentially improve the performance of petrol engines; therefore research has focused on 
developing superchargers and supercharger components with higher efficiency. Of particular 
interest to the research presented in this thesis has been the twin-screw supercharging 
compressor with design adapted for automotive use (the twin-screw supercharger). The 
performance of this supercharger type depends on the volume and total losses of the air flow 
through the supercharger rotors more than on any other aspects of its behaviour. To accurately 
predict the efficiency of the twin-screw supercharger for matching a particular engine system, 
accurate supercharger design is required. The main objective of this research was the 
investigation of the existing limitations of twin-screw superchargers, in particular leakage and 
reduced efficiency, leading to the development of optimal asymmetric rotor profiles. This 
research has been completed in four stages. 
 
The first stage required the development of a new mathematical three-dimensional (3D) 
parametric model of the twin-screw supercharger rotors. For rotor model validation through 
visualisation, the integration of the 3D mathematical model with commercial Computer Aided  
     Design (CAD) software was necessary, and as a result a specialised CAD module evolved and a 
     simulation system was achieved. Based on this CAD module an adaptive model-based design 
     method of supercharger rotors was derived. CAD rotor models obtained with the new design  
     method required validation, which expanded the research scope.  
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      The second stage achieved the validation of the CAD rotor models generated in the simulation 
      system. This operation was greatly simplified by comparison of model with reference data 
      available for geometrically similar supercharger rotors from related applications.  
 
      In stage three, the experimental validation of the new method for design of twin-screw  
      supercharger rotors was required. Additionally, for calibration of model and experimental 
      data, an original experimental investigation using Laser Doppler Velocimetry (LDV) was  
      designed and carried out. The optimal characteristics of the turbulent flow were determined  
      and a reference twin-screw supercharger was designated to be used in the search for the 
      optimal supercharger rotor profile. A procedure for data reduction and uncertainty  
      assessment of the LDV test results was also developed. 
 
In stage four, due to the deterministic nature of the 3D parametric mathematical model, a set 
of strategies for rotor design optimisation in twin-screw superchargers was defined and used 
in the search for the optimal rotor profile. Using the specialised CAD module as a simulation 
system, a correlation was established between parameters of the rotor geometric design and 
the supercharger performance. This rotor design approach, allows the optimisation of rotor 
profiles through the adaptive model-based, accurate geometric design of rotors in the 
simulation system, enabling the control of losses through leakage.  
 
Through the application of this new rotor design method, new opportunities are created for 
the twin-screw supercharger design practice, making it a part of the engineering solution for 
more efficient engines. 
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1 INTRODUCTION 
1.1   Chapter summary 
 
The research background of this thesis has been sustained by the needs of the automotive 
industry in recent years for products designed to increasingly demanding criteria of higher 
efficiency, improved fuel consumption, reduction of emissions and improved driving 
capability. Engine power rating represents an important selling point, but the use of big 
engines to develop the small power needed for day-to-day motoring conditions is an 
expensive and inefficient practice. One answer to these issues has been the addition of power-
boosting devices to small engines that then become capable to delivering the high peaking 
power performance of larger engines, yet still be economical and environmentally friendly at 
the nominal operating conditions of daily driving. Worldwide there is a growing recognition 
that there is a place for more efficient gasoline engines (FISITA Report, 2006). 
The main motivation for this research comes from the current demand for more efficient 
engines. One solution would be a new supercharger capable of achieving a higher boost 
pressure, high-efficiency and good response. A conventional Roots type supercharger cannot 
achieve high-pressure and high-efficiency ([1], [3]), therefore the twin-screw type 
supercharger with design adapted for automotive use, providing good response and high 
performance in high-pressure ratios ranges, was developed.  
 
Currently there is a need for well defined design criteria based on a supercharger model that 
enables accurate identification and control of clearance values in transverse and axial planes 
of the supercharger rotors. In order to define new design criteria for these supercharger 
models, a detailed investigation of the rotor profiles in twin-screw superchargers was 
undertaken. The twin-screw supercharger design method, evolved from the research 
undertaken, supports the research problem as part of an engineering solution which makes 
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this supercharger type particularly efficient. The specific research problem was therefore 
formulated as: modelling, simulation and optimisation of asymmetric rotor profiles in twin-
screw superchargers. 
 
1.2    List of symbols 
HPi    indicated power 
Vd    discharge air volume 
Vint    internal leakage volume 
Vth    theoretical air volume 
Wad    adiabatic head 
Wm/l   mechanical loss 
Ww/l   windage loss 
η total   total adiabatic efficiency 
η v    volumetric efficiency 
 
1.3    Research motivation and background  
Engine power rating represents an important selling point in the automotive industry, but the 
use of big engines to develop the low power needed for day-to-day motoring conditions is an 
expensive and inefficient practice. This problem has been challenged by three issues: 
economy, emissions, and driving capability. As a result in the highly competitive automotive 
markets of the recent years, there has been a need for products designed to increasingly 
demanding criteria of high efficiency, improved fuel consumption, exhaust gas control, 
environmental protection and various driving demands of the users. This context defines the 
research background of this thesis.  
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Using bigger engines has traditionally fulfilled the need for more engine power. During the 
majority of actual driving conditions the engine is required to generate a small fraction of its 
rated peak power. The use of big engines to develop the small power needed for day-to-day 
motoring conditions is an expensive and inefficient practice. The high level of air pollutants 
produced by the automobile engines has further exacerbated this issue. The pollutant 
production is, among other factors, proportional to the size of the engine and its operating 
conditions. Fuel consumption and emission levels of an engine are mainly optimised around 
the high power operating range of that engine. It is relevant that when high power engines 
spend most of the time producing lower levels of power the results are even higher levels of 
pollution. Thus, the automotive industry requires a small engine that can deliver the peaking 
high power performance of large engines yet still be economical and environmentally 
friendly at the nominal operating conditions of day-to-day driving. An answer to this issue 
has been the addition of different types of power-boosting devices to small engines. 
 
The main idea behind power boosting comes from the basics and restrictions of internal 
combustion (IC) engines. The power generated from an IC engine is proportional to the 
amount of fuel that can be burned properly and completely in the engine’s cylinders. The 
oxygen required for this combustion process is provided by the air which is “breathed” by the 
engine from the atmosphere. IC engines are fixed volume devices meaning they are designed 
to draw in a constant nominal volume of air per each working cycle; but the amount of fuel 
that can be burned properly in the engine is a function of the mass of the oxygen that enters 
the cylinder. Thus, for higher power, it is required to have a higher mass flow rate for the 
given fixed volumetric flow rate that the engine is designed for. The way to do this is by 
forcing denser air into the cylinders. Increasing the air density is obtained primarily by 
compressing the atmospheric air before it is fed into the cylinders. This can be achieved in 
many ways but the most common methods are turbocharging and supercharging.  
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The research background includes the current demand for high-compression engines and for 
development of ultra-supercharged Miller Cycle engines. These demands required a 
supercharger adapted for automotive use and thereby capable of achieving higher boost 
pressure, high efficiency and good response. Unlike this supercharger type, which is a 
supercharging compressor, the turbocharger as an exhaust gas driven supercharger is not 
responsive in conditions of decreased exhaust emissions at low engine speed and a 
conventional Roots type supercharger cannot achieve high-pressure and high-efficiency.  
 
The twin-screw supercharger that has been developed from the Lysholm industrial 
compressor [6] is a positive displacement compressor adapted for automotive use. The twin-
screw supercharger has the working cavity enclosed by the housing and the helical surfaces 
of the rotors, similar to the industrial twin-screw compressor with Lysholm-type rotors. 
Functionally, this supercharger achieves high compression ratios and high volumetric 
efficiency at low engine speed whilst enabling a compact installation and good response. 
Previous research ([17], [18], [19], [20], [4]) showed that:  
? The performance of this type of supercharger depends on the geometric parameters of the 
rotors;  
? The rotor profiles influence the supercharger performance, torque distribution between 
rotors, the axial and radial load distribution and important performance characteristics such 
as the volumetric and adiabatic efficiency;  
In order to optimise supercharger designs it is essential that the effects of different rotor 
profiles on supercharger performance be understood.  
 
Research presented in [6] found that a twin-screw supercharger adapted for automotive use, 
with high volumetric and high adiabatic efficiency and driven by the engine is able to match 
small capacity, high-compression engines. However to have these engines running as fuel 
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economy engines, a different strategy will be needed for the supercharger design. In order to 
match a fuel economy engine, a twin-screw supercharger with design adapted for automotive 
use needs to operate at a higher percentage of the running time over a range of different boost 
levels. When the engine is operating at less than full capacity, the power consumption of this 
supercharger must be proportionally lower.  
 
A twin-screw type supercharger with design adapted for automotive use, providing good 
response and high performance in high-pressure ratios ranges, was developed as a 
supercharging compressor of twin-screw type to match a Miller Cycle gasoline engine [9]. 
With this supercharger type it was found out in [9] that, due to the internal compression 
process, supercharging tends to raise the charge temperature increasing NOx emissions and 
the probability of detonation. Consequently a supercharger with internal cooling and able to 
eliminate the need for the intercooler as an individual component would be ideal; but [9] 
concluded that, under current conditions, it may not be possible to produce a supercharger 
with internal cooling, although higher thermal efficiency would reduce the airflow 
requirements and the size of the currently used intercoolers. In conclusion more specific 
research is required on this supercharger type.    
 
The current research interest was heightened in part by the lack of common approach to 
accurately predict the gas leakage, and its influence on the supercharger efficiency in 
correlation to variation of the intrinsic inter-lobe clearances or of the clearance between the 
rotors, other components of the supercharger, and the supercharger housing. The main 
research interests resulted from the current need for well defined design criteria based on a 
supercharger model which enables accurate identification and control of clearance values in 
any point of the supercharger rotors. For generality, the asymmetric rotor profiles were 
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considered, symmetric profiles being considered simpler particular cases of asymmetric 
profiles.  
 
The research problem resulted from the research interests outlined above was therefore: 
modelling, simulation and optimisation of asymmetric rotor profiles in twin screw 
superchargers.  
 
Of particular importance for this research was the development of the three-dimensional (3D) 
mathematical model of the helical rotors for the high pressure and high efficiency 
superchargers used in automotive engines. The 3D mathematical model of the conjugated 
rotors obtained through research and presented in this thesis was used as tool for the detailed 
investigation of the twin-screw supercharger rotor design. In particular, it made possible the 
analysis of design relationships and effects of rotor profile changes on the supercharger 
performance. This 3D mathematical model was also used as the main component of new 
design, simulation and optimisation tools, such as a specialised Computer Aided Design 
(CAD) module. The 3D mathematical model delivered in this thesis forms the basis of an 
engineering solution seeking to make this supercharger type particularly efficient.  
 
The main objectives of the research undertaken were:  
? The design of rotor profiles that ensure selection of flexible geometric features for twin-
screw superchargers through selection of meshing and clearance parameters;  
? The possibility to matching the supercharger leakage, expressed as distribution along 
typical leakage paths and as volume, with the engine type and performance requirements.  
 
The research objectives addressed matters related to modelling, selection of the supercharger 
rotors and the most suitable geometry of their rotor profiles, to ensure high efficiency 
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superchargers for automotive engines. Following these directions, the research objectives will 
be discussed in more detail in Chapter 2. 
 
1.4   Review of supercharger performance and application  
The review of supercharger performance and application has been based on published works. 
In the context identified by the research presented in this thesis, the current needs for 
supercharging the automotive engine are motivated by engine down-sizing, better engine 
efficiency, lower emissions and better driving ability.  
 
Three supercharging trends in the main stream vehicle manufacturing, research and 
development were observed: 
A) Supercharging for extra driving power as part of the well-established automobile culture 
with big automotive brands supercharged mainly for extra power and driving ability.  
B) Supercharging for reduction of fuel consumption and optimisation using a supercharger of  
Lysholm twin-screw type adapted for use with Miller Cycle gasoline engines. 
C) Supercharging small high-compression engines to deliver the pick power of larger engines 
as an alternative for several existing competing technologies such as “Direct injection” 
(“HPi”, “CGI”, “ SCi”, “FSi”) or “variable valve lift” (“I-VTEC”, “Valvetronic”).  
Trends B) and C) usually report percentage of fuel economy by comparing the power of IC 
supercharged engines with the corresponding power of naturally aspired IC larger engines.  
Currently the rotor profile design is based on proprietary information from several licensors 
or manufacturers. There has been limited access to such information to date. Although there 
are unusually large numbers of patents dealing with rotor profiles they do not give sufficient 
details for different applications, specific engines or performance parameters. Application 
studies [6] do not discuss details of rotor geometry and there is no universal rotor profile 
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which can guarantee optimum performance in all cases. However the supercharging 
technology must be able to achieve greater success with new superchargers matching 
individual engine types and performance characteristics. Related research presented in [1], 
[2], [3] and research presented in this thesis indicate that an intelligent twin-screw 
supercharger rotor design methodology with automated specialised design tools enables 
selection of reciprocally generated parametric profile arcs by variation of rotor geometric 
parameters. Thus it ensures control of leakage clearance distribution, leakage volume, the 
overall supercharger design flexibility and improved manufacturability.  
 
Optimisation in performance of Lysholm twin-screw compressor for automotive use 
The twin-screw Lysholm type compressor with characteristics such as mechanically-driven, 
internal compression and high efficiency in high-pressure ratios was adapted for automotive 
use, in order to match a selected Miller Cycle gasoline engine [6]. The volumetric efficiency 
(η v) and total adiabatic efficiency (η total) of this supercharger were expressed by [6] as:  
“ int1dv
th th
V V
V V
η = = − ;                                                                                                          (1.5.1) 
where: dV  is the discharge air volume; thV  is the theoretical air volume; intV is the internal 
leakage volume; 
/ /
d ad
total
i m l w
V W
HP W W
η ⋅= + + l ,                                                                                               (1.5.2)  
 
where: adW is the adiabatic head; iHP  is the indicated power; /m lW is the mechanical loss 
and /w lW  is the windage loss”. 
From (1.5.1) it must be observed that by reducing the internal leakage as compared to the 
theoretical air volume, an increase of volumetric efficiency was obtained. From (1.5.2) it 
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must be observed that an increase of total adiabatic efficiency was obtained from the increase 
in volumetric efficiency. It follows that the relationships between the rotor parameters that 
influence leakage and the supercharger performance (related to the theoretical air volume) 
must be well defined:  
? The internal leakage was defined in [6] by four clearance areas and by the pressure 
differential between the adjacent tooth spaces and thus was correlated with the clearances; 
? The factors influencing the internal leakage were identified as mechanical factors 
influencing the clearances (such as machining tolerances), or physical factors influencing the 
clearances (such as rotor bending and thermal expansion); 
? The theoretical air volume was determined by the tooth space volume, by the geometry 
and size of the rotors, and by the rotor speed. It was also correlated with the transverse area 
of each rotor, with the rotor length and helix angle, rotor profile, sealing line length and rotor 
lobe combination.  
 
In addition, it was observed that the performance of this supercharger depends also on:  
? The rotors placement within the supercharger;  
? The supercharger placement within the engine. 
 
For optimum performance both these factors must be considered. For example due to the 
restricted mountability it is important to ensure the supercharger maximum discharge air ratio 
within a restricted space and thus the rotor on the high speed side would have only 3 lobes 
(minimum number of lobes). Figure 1.4.1 compares the effects of the lobe combination upon 
the mountability of a Lysholm twin-screw compressor on only one engine type.  
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Figure 1.4.1 shows three cases, where case “a” represents the best mountability found from 
the rotor size and the rotor lobe combination by allowing the minimum cross-sectional area of 
supercharger for the 3:5 lobe combination. This conclusion was supported by the comparison 
of case “a” with the cases “b” and “c”. Case “b” represented the 3:4 lobe combination. The 
bore of the F-rotor can be decreased but area occupied by the step-up gears would increase 
because the rotational speed of the F-rotor increases. Case “c” represented the 3:6 lobe 
combination. The area occupied by the step-up gears could be decreased but the F-rotor bore 
would increase. Other factors that influence the performance of this supercharger are: the 
dependence on the pulley diameter, the limitation of the step-up gear ratio and the limitation 
to low built-in pressure ratio. In addition to these, there are also the limitations of 
manufacturing and functional limitations of other components of the supercharger system, all 
of which were determined experimentally by [6].  
The optimisation of a Lysholm type twin-screw compressor was performed in order to match 
it with a pre-selected Miller Cycle engine. The optimal combinations of factors required for 
the modification of the construction of this compressor were found by [6] as: 
? The supercharger rotor lobe combination of 3:5 was found advantageous in view of the 
air volume and mountability. However when the input shaft speed was limited to a low level, 
a greater number of lobes on female-rotors (F-rotors) would be more advantageous.  
? The wrap angle of the male-rotor (M-rotor) smaller than 330o was found advantageous, 
but for improved productivity and performance it must be optimised.  
? For the built-in pressure ratio set at 1.35, it was found possible to limit the driving loss of  
the Lysholm compressor under no load to the same level as the Roots blower, while  
maintaining the performance advantage of the supercharging.  
 
It must be noted that, the research related in [6] did not explore the influence of different 
rotor profile types on the supercharger performance.  
 13
Adaptation of Lysholm type twin-screw compressor for matching a Miller Cycle engine  
A gasoline engine with the combustion cycle deriving from Miller Cycle was developed, a 
Lysholm type twin-screw compressor was adapted to match it, and aspects of this  
combination were presented in [9]. As described in [9], the mechanical supercharging was 
performed on a Miler Cycle engine of the type that operates by delaying closing timing of the 
intake valve, using a Lysholm compressor that provided higher boost pressure. [9] related 
that, as a result of this combination, an engine was developed with improved performance 
and lower level of fuel consumption by comparison with a naturally aspired (NA) engine of 
the same displacement. 
 
Supercharging a Miller Cycle gasoline engine  
It must be noted that historically, according to [7], automobiles with Miller Cycle engines 
“were first marketed in the later 1990s”. Miller Cycle and the main effects of late closing of 
the inlet valve such as reduced engine effective capacity, but increased engine efficiency 
were discussed in literature ([5], [7], [8]). The addition of a supercharging device to a Miller 
Cycle engine was found by [9] effective because it was able to compensate for the engine 
power reduction associated with reduced capacity. According to [9], a supercharged Miller 
Cycle engine obtained improved output performance and fuel efficiency without increasing 
the combustion temperature. However [9] made the assumption that the supercharger 
performance is high enough to provide the required pressure and air flow.  
 
As there is little published research on the theoretical aspects of the supercharger reliability, 
in order to substantiate these assumptions, the twin-screw supercharger performance needs to 
be investigated in greater detail and more research is required on the supercharger reliability 
in different operating regimes. 
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The twin-screw supercharger in the intake air system of a Miller Cycle engine (Figure 1.4.2)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    Figure 1.4.2:   Intake System 
                           (Sketch adapted from [9], SAE TECHNICAL PAPER SERIES 940198-1994) 
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The supercharger described in [9] was adapted from the twin-screw compressor with 
Lysholm-type rotors. It induces into cylinders air compressed to high pressure and high 
temperature after cooling through an intercooler. The improved efficiency obtained by 
cooling, compensated for the mechanical loss of the supercharger, therefore torque raised. In 
order to control the air mass flow in the supercharger, a throttle valve was placed at the 
supercharger inlet side and a bypass valve was placed between the outlet (discharge) side and 
inlet (intake) side, with the bypass valve returning any air excess ( Figure 1.4.2).  
 
The research investigation presented in [6] and [9] was limited to matching the Lysholm 
type compressor to only one engine type. Due to the lack of data on the supercharger rotor 
profile geometry and on the engine matching, there was no access to further design 
information. As a result, from [6] and [9] it is not possible to establish a correlation between 
the rotor geometry and the engine matching parameters and the characteristics of the 
modified compressor cannot be constructed. Although information in [6] and [9] cannot be 
considered for specific use with similarity analysis; however they belong to the general body 
of knowledge on the twin-screw supercharger automotive application.   
 
1.5  Review of supercharging and of supercharging compressors  
Supercharging of petrol engines started about 1885 when Gottlieb Daimler attempted to 
supercharging of Daimler engines (patent DRP 34 926 referenced in [12]). The patent 
indicated a method of inducing air into the four-stroke engine. Using a reciprocating trunk-
type compressor and a valve opening against a spring force near the bottom dead centre, air 
was forced into the cylinders twice per cycle.  
This supercharging method did not succeed in overcoming Daimler’s problem of poor 
delivery ratio at higher speeds caused by small inlet valves.  
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According to [12], Mercedes used Roots type compressors for the first time mostly 
with four-cylinder engines with a vertical shaft driven from the crankshaft by means 
of a clutch and gears. The supercharged power output was used temporarily for top 
speeds and on hills with the compressor turned-on at the bottom of the acceleration pedal. 
According to [18], the twin-screw supercharging compressor with internal compression and 
Lysholm-type rotors was presented in January 1943 at the SAE War Engineering Production 
Meeting in Detroit. It was mentioned that of the several schemes for supercharging in 
practice, the Elliott-Lysholm supercharger working with 3:5 ratio Lysholm rotors was a 
mechanically driven positive-displacement compressor recommended for simplicity and cost, 
particularly for small high-speed engines [18]. Previously to 1943 SAE communication, the 
Elliott-Lysholm rotary compressor working with 3:3 ratio Lysholm rotors was developed 
from 1934 in Sweden to overcome the disadvantages of reciprocating compressors [18]. 
 
Physical and operating description of the early supercharger of twin-screw type 
An accurate description of the 1943 twin-screw type supercharger was given by Lysholm in 
[18], in which he stated that the supercharger rotor design was correlated with functional and 
performance features in order to achieve diagonal transportation of the air by a pair of 
helically lobed rotors producing axial and cross sealing [18]. The rotor helices were chosen to 
ensure a particular thread space to be completely filled and sealed off from the suction at the 
same time with the entrance at the opposite end of a co-acting lobe of the other rotor. Further 
rotation established an axial seal that separated the current charge from the charge in 
succeeding grooves. The axial seal moved axially with the rotation achieving a reduction in 
volume of the charge and adiabatic compression. When the leading lobes of the grooves 
passed the boundaries of the discharge port, the compressed medium communicated with the 
discharge. Thus the location of the port determined the built-in compression ratio. Slight  
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leakage and dynamic effects were introduced in design by high peripheral speed. 
 
The physical and operational description of this “supercharging compressor” represents the 
foundation of the modern supercharger for automotive use [6], [8], [9]. Numerous versions of 
rotor geometry, number and size of lobes, rotor-speed and length-to-diameter ratios were 
tested by Lysholm and his associates on superchargers and compressors designed to suit 
particular applications. Optimal design combinations were selected by trials. Effective lobe 
number ratios found were from 1:1 to 1:15. The tooth (lobe) profiles were all-addendum on 
the rotor with convex lobes, which were conjugated with dedendum-type lobe profiles on the 
mating rotor. There were exceptions for small addendum and corresponding dedendum 
modifications when it was required to round sharp corners by radii and fillets. The small 
torque transmitted by the timing gears maintained the teeth (lobes) in continuous contact on 
one side. The convex rotors absorbed about 100% of the power, while the concave rotor was 
driven by the air. It was found that the efficiency of superchargers and compressors working 
with Lysholm rotors was not improved by leakage clearance reduction below a critical limit, 
which was determined experimentally by Lysholm, for individual rotor sets. Static 
measurements of the air leakage indicated that increased efficiency was achievable through 
control of dynamic losses. It must be noted that the original description of Lysholm’s rotors 
did not give details of the rotor profile geometry, however with some limitations, a general 
description of curve selection and generating points on Lysholm type rotor profiles are 
available from the original patents [20].  
 
Lysholm’s research showed that the performance of this type of supercharger depends on the 
rotor geometric parameters and their influencing factors such as: 
? The male rotor geometry has a tooth form practically 100 per cent addendum (Figure 1.5.1) 
? The female rotor has a tooth form which is all dedendum (Figure 1.5.2).  
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? The male rotor represented in Figure 1.5.1 and the female rotor represented in Figure 1.5.2 
have opposite hand helixes and leads in proportion to the individual rotor pitch diameters.  
? The most important feature of this compressor type is the separation of the air charge from 
the succeeding and preceding charges. This is due to the axial seal created by the rotor 
profiles. The inlet is primarily axial and is correlated with the lob spaces at suction. The air 
charge volumes are obtained per lobe-displacement. The total displacement per revolution 
depends on the interlobic space of the male rotor. 
 
     Conclusions on Lysholm twin-screw compressor type and its influence on supercharging 
The performance characteristics of this twin-screw type compressor have been tested 
experimentally by Lysholm [18] for a wide range of compressor sizes. As related in [18], 
Lysholm also conducted experimental testing of: 
* rotor geometry proportions;  
* porting designs; 
* lobe number combinations.  
Conclusions extracted in [18] from these experiments concerned: 
* the high level of peak efficiency (for adiabatic efficiency around 84 %);  
* non-dependence of volumetric efficiency on pressure ratio;  
* characteristic curves for effects of internal leakage;  
* the relationship of axial-pressure ratio to built-in pressure ratio;  
* losses dependence on speed and pressure ratio.  
 
Lysholm’s research showed the following: 
? Internal leakage is necessary for maintaining operational mechanical clearances between 
the rotors and the casings and between the rotor profiles. The leakage causes pressure 
reduction across the sealing line and also reduction of the leakage flow along the sealing 
 21
line clearances. The leakage flow increases the pressure ratio within the compressor. It 
was found that the increase of pressure ratios at low operational speeds is greater than at 
high speeds. The volumetric and adiabatic-efficiency characteristics are influenced by the 
internal leakage. The volumetric efficiency is influenced by the inlet-port designs and by 
speed.  
? Lysholm’s early experimental data showed ([17]) that leakage losses are controlling 
factors at high-pressure ratios. This was also indicated on the characteristics diagrams (in 
[17] and [19]) by the tendency for the adiabatic-efficiency and volumetric-efficiency 
curves to parallel each other for high-pressure operation. A high-percentage of leakage 
occurs at low speed.  Early experimental tests ([17]) proved also the dependence on speed 
of the “ramming”, more directly compared with the ratio of clearances at lower (1200-rpm 
and under) rather than at higher (2500-rpm and over) operating speeds.  
This conclusion alone induces further research interest in relation to the selection of an 
optimal leakage clearance range for correlation with specific operational parameters. 
 
Early experimental tests conducted on screw-type compressors and Elliot-Lysholm type 
superchargers were run at relatively low speeds. The effects of high operational speed (up to 
10 times higher than the speed of the early tests) on the current performance of twin-screw 
superchargers require revision of the fundamental observations during the early testing.  
Currently in literature there is little published on supercharger rotor profile design, detailed 
supercharger design and experimental test data. Some authors admit the lack of information on 
supercharging and superchargers [17] and the need for further theoretical investigation and 
validation by experimental tests [6]. 
 
The exact mathematical description of the rotor profiles for typical Lysholm twin-screw 
compressors and superchargers was never made available. In the current competitive 
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automotive markets which are challenged by the need to achieve extra driving power, fuel 
economy and environmental protection, further improvement of the supercharger rotor design 
may contribute to more efficient petrol engines.  
 
For that to be achieved, more research on intelligent design tools and methodology is required. 
This will allow the selection of specific types of rotor profiles to more efficient design criteria 
(i.e. specific leakage distribution), leading to control of the supercharger performance.  
In summary more investigation of the rotor profiles is needed through modelling, simulation 
and optimisation. The research presented in this thesis will focus specifically on each of these 
areas. 
 
1.6   Review of existing rotor profiles for twin-screw compressors  
The development of rotor profiles for twin-screw compressors was application-driven and 
dominated by the idea of improving the compressor efficiency. To achieve satisfactory 
efficiency in twin-screw compressors for all rotor profile types, four typical conditions were 
observed:  
 
? Theoretical rotor meshing by sealing in transverse plane was required to ensure rotor 
sealing between suction and discharge ports;  
? Theoretical rotor meshing by sealing in longitudinal direction was required to ensure 
sealing between paired cavities;  
? Operational rotor meshing required minimal clearance to reduce leakage;  
? The leading flanks of one of the rotors should have convex rotor profile, while concave 
profile is required on the trailing side of the mating rotor flanks, in order to obtain adequate 
pressure between the compression cavities.  
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Rotor profiles are designed to these criteria, with symmetric or asymmetric lobe flanks: 
  
? The symmetric rotor profiles are defined in the transverse plane of the rotors by the same 
curve segments symmetrically distributed on both compression and discharge flanks. The 
curve segments are also symmetrically distributed in relation to the centre line of the lobe in 
transverse cross-sectional plane of the rotors. Geometric curves widely used for definition 
of the symmetric rotor profiles are various cycloids, conics from which circular arcs are the 
most popular or combinations of cycloid and circular arcs. The manufacturers’ preference 
for symmetric profiles was attributed to their relatively simpler machining. Although the 
cycloid profiles are more sensitive to physical factors such as the lack of parallelism of the 
rotors axes and thermal expansion, the practice of protective coating along their contact line 
overcome this disadvantage. The circular symmetric profiles generate shorter contact lines 
on the rotors compared with the contact lines generated by the symmetric cycloid profiles, 
resulting in reduced leakage between the working cavities of the supercharger. The greatest 
disadvantage of the circular symmetric profiles is that the increasing of their contact line 
length causes the increase of the blow-hole area, hence reduced efficiency. The cycloid 
symmetric profiles increase the rotor interlobic volume and represent a better choice when 
the theoretical volume of the supercharger is a leading design criterion.  
 
? The asymmetric profiles are defined on the compression and suction flanks by a 
combination of both symmetric and asymmetric curve segments. They are used in designs 
to high efficiency criteria. Table 1.6 shows preference for asymmetric rotor profiles. 
 
As part of the preliminary research process, the literature review focussed on the brief 
review of current proprietary compressor rotor profiles.  
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Table 1.6 Review of main twin-screw compressor proprietary rotor profile types 
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Y
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LICENCES 
 
PROFILE 
   TYPE 
 
PROFILE GEOMETRY 
 
APPLICATION NOTES  
 
 
 
 
2D 
 
 
 
 
 
 
Nilsson 
     [16] 
 
 
 
 
 
 
 
SYMMETRIC 
 
 
 
- Composite contours 
 
  (Type: Circular Arcs 
     &  Cycloid Arcs)   
 
- Proprietary Information 
 
- Practical 
 
- Used with  compressors 
 
- Short Contact Line 
 
- Low Operating Pressure 
 
 
 
 
2D 
 
 
 
 
 
 
 
 
SRM 
     [11] 
 
 
 
 
SYMMETRIC 
 
ASYMMETRIC 
PARAMETRIC 
(TYPE D) 
 
 
 
- Composite contours  
 
  ( Type: Circular Arcs,  
   Trochoid Arcs & Lines) 
 
- Proprietary Information 
 
 
- Dimensionally wide range 
 
- Used with  compressors 
 
- Supports Optimisation 
 
- Good Performance 
 
- Good Manufacturing  
 
 
 
 
2D 
 
 
 
 
Lysholm 
     [17] 
 
 
 
 
ASYMMETRIC 
 
 
 
 
 
 
 
- Composite Contours 
 
  (Type: Circular Arcs  
       Cycloid Arcs ) 
 
- Proprietary Information 
 
 
 
- Theoretical Definition 
 
- Used with  superchargers 
 
- Used with  compressors 
 
- CAD-CFD modelling 
 
 
 
 
 
 
2D 
 
 
 
 
Stosic 
     [10] 
 
 
 
 
 
ASYMMETRIC 
(TYPE “N”) 
 
 
 
 
 
- Composite Contours 
 
  (Type: “general arc”) 
 
- Proprietary Information 
 
 
- Simpler profile definition 
 
- Independent systems of  
  coordinates on rotors 
 
- Rack Generated Rotors 
   (undercut lobes) 
 
- CAD-CFD modelling 
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Table 1.6.1 Summary of the most relevant publications from the Literature Review 
 
 
 
A
U
T
H
O
R
 
T
IT
L
E
  A
N
D
 
PU
B
L
IC
A
T
IO
N
  
 
MAIN FINDINGS OF RELEVANCE  TO THIS RESEARCH 
 
 
 
 
 
 
 
 
1 
 
Ta
ke
i, 
N
., 
Ta
ka
be
, S
.  
 [6
] 
“O
pt
im
iz
at
io
n 
in
 p
er
fo
rm
an
ce
 o
f L
ys
ho
lm
  
co
m
pr
es
so
r “
, J
SA
E 
R
ev
ie
w
 1
8 
19
97
 p
. 3
31
-3
38
 
 
? The supercharger with internal compression developed for automotive use 
from an industrial twin-screw compressor with Lysholm- type rotors was 
matched and tested with a Miller Cycle gasoline engine. The optimisation 
of lobe number combination 3:5 was found relevant for the Lysholm-type 
rotor design which ensured supercharger down-sizing and maintained 
high volumetric efficiency. Experiment results were released for a 
particular engine type only. For the experiment were used batch rotors of 
Lysholm-type.  
? The paper is not significant for supercharger rotor profile design.  
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? Matching of the Lysholm type twin-screw compressor with Miller-cycle 
gasoline engine is effective for performance and improvement of fuel 
economy compared with Naturally Aspired (NA) larger displacement 
engines. The use of a twin-screw supercharger with a Miler Cycle 
supercharged engines is restricted by the supercharger reliability due to 
high operational pressure and temperature. 
?  For the supercharger rotor design the paper is relevant through references 
to supercharger behaviour when matching this type of engines, and 
especially for reference to supercharger reliability.    
? One of the conclusions of this paper is the need for more experimental 
research to establish optimal supercharger characteristics for matching 
this engine type. 
? This paper has general informative value and nothing related directly to 
the supercharger profile design. 
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? A method for development and optimisation of oil injection screw  
  compressors and expanders based on a differential algorithm for defining 
  two-dimensional (2D) rotor profiles. An algorithm for screw rotor profile 
  generation obtains the 2D conjugacy condition which when solved 
  explicitly enables a variety of primary planar arcs to be defined either 
  analytically or by discrete point curves; 
? The method simplifies the rotor profile design through specification of 2D 
planar primary arcs which are located either on the main or on the “gate” 
rotor, or on any other rotor whatsoever including a rack defined as a rotor 
with infinite radius. The 2D method and the generation of contacting 
conjugated rotor profiles from a reference rack is a typical gear design 
method. The rack generation method of 2D conjugated rotor profiles is 
suitable only for oil-injected compressors in which one rotor drives the 
second rotor directly through profile contact, similar to a pair of gears as 
timing gears do not exist. This method is proprietary (patented) for 
generation of the “N” rotor profiles; 
? Although it is a good example of using existing gear design and analytical 
calculation techniques the method does not go beyond this level, is not 
parametric and it is not extendable to three-dimensional (3D) design as 
such. The paper does a brief analysis of general “screw rotor profiling 
methods” complementary to the gearing practice and references the SRM 
symmetric circular profiles, Lysholm’s first asymmetric rotor profile, 
SKBK asymmetric profiles, SRM asymmetric circular profile. Especially 
it references Sacun’s (1960) claim for a conjugacy algorithm as based on 
Gohman’s (1889) theory of envelopes of parametric curves. 
? The information of this paper is relevant for a better understanding of 
methods for rotor profile generation in industrial twin-screw compressors. 
The paper does not consider generalization to CAD 3D parametric profile 
generation. 
? The 2D algorithm presented in this paper is not of interest for use in 
supercharger rotor profile design.  
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? Description of one version of the SRM-asymmetric profiles with graphic 
generation of flanks and analytical expressions for individual component 
profile curve segment [Appendix A]. The sealing line equations of the 
particular SRM asymmetric circular profile in explicit form for each 
component arc of the piecewise sealing line curve; the equations of the 
blow hole boundaries for the particular SRM asymmetric circular profile. 
Rotor profile equations for each component of the piecewise flank curves 
in 2D matrix form; 
? Does not generalise to CAD parametric profile form in 2D and does not 
consider generalization to CAD 3D parametric profiles. Although Rinder 
seemed to have had access to one of Svenska Rotor Maskiner (SRM) 
Data-Books, the information in [11] is either general or refers exclusively 
to oil-injection compressor details therefore it is not useful for 
supercharger rotor profile generation. 
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? Provides details of tests on industrial twin-screw compressor samples 
from major European manufacturers prior to 1977, when they were 
published in Russian (later translated in Chinese). Most data appear  
extracted through an intense activity of implementation of the industrial 
  twin-screw compressor European technology based on reverse  
  engineering for batch and mass production. Piecewise rotor profile curves  
  made of primitive geometric curves were defined by expressions with 
  numerous parameters. It is suggested that rotor profile equations in  
  analytic form could be obtained through coordinate transformations and  
  reparametrization that should join parametric curve pieces. However this  
  is not proven nor obtained.   
? Numerical examples for parameter reduction through dimensional 
analysis and similarity relationships are not useful for supercharger rotor 
design due to the difference in working process, sizes, geometry, 
materials and operational conditions which are all standardized and 
specific for industrial compressors of mass production technology.  
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? Description of different symmetric and asymmetric rotor profiles and 
combinations of geometric curve arcs resulted by analysis of twin-screw 
compressor samples from leading European manufacturers (SRM, SKBK, 
LKI, A. Lysholm, Howden, Gutenhefnungshute - GNN ) which he came 
across in 50s, leading to the publication of his work in 1960 in Russian 
(later from 1970 translated in German). Complementary to the gearing 
practice he referenced Gohman’s theory (1886 according to [10]) in 
claiming that an envelope of parametric curve arcs on one rotor form 
“mating” arcs on the other rotor, which is consistent with the more 
general requirement of curve surface conjugacy: two surfaces are 
conjugated if each generates or envelopes in its turn the other one under a 
specified relative motion. This theory was expressed only as planar cases 
with suggestions that it could be extended to 3D, which was not 
demonstrated for the general case by [15].  
? General construction, working process and functional data extracted from 
industrial twin-screw compressor samples. Gives empirical relationships 
and parameters referencing local industrial practice and standards which 
cannot be verified due to pertinence to particular samples with unknown 
dimensional and functional details. The work described denotes a huge 
team effort focused on intense industrial activity of implementation of 
twin-screw compressor mass production technology based on reverse 
engineering, there is no local original design and the results of this 
activity remained unknown. Extension to 3D of the 2D analytical method 
for meshing of screw-type rotors for industrial compressors is unlikely to 
be solved by the use of elementary trigonometry and differential geometry 
shown due to the system of parameters introduced in such way that their 
elimination does not work in the general case. Results are presented for 
simplified particular cases in connection with data extracted from rotor 
samples with the method described for inference and selection of rotor 
profile types from samples, which neither uses nor mentions similarity 
principles. General information of [15] is not relevant for research leading 
to this thesis, but experimental results are useful for similarity analysis. 
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? Physical and operational description of the early industrial twin-screw 
compressor with Lysholm type rotors which has efficiency and stability of 
performance comparable to that of the reciprocating compressors.  
? Defined for the first time in the technical literature on compressors the 
difference between Roots blower and a machine with  internal 
compression .Compared with Roots “compressor” which was actually a 
blower working as a pump that achieves high pressure level at the outlet 
only, the twin-screw compressor achieved internal compression through 
the special lobe design created by Lysholm in which a suction space 
created behind the lobes varies in volume circumferentially and axially 
simply through revolving the rotors. Presents the construction of profiles 
for male and female rotors for one particular lobe combination that 
replaced the 3:3 combination of the first Lysholm type rotors which were 
not well balanced for high speed. 
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? For the first time was presented with complete physical description the 
twin-screw compressor with Lysholm type rotors adapted for automotive 
use referenced as a “supercharging compressor”.  The supercharger rotor 
design was correlated with functional and performance features to achieve 
“diagonal transportation of the air by a paired of helically lobed rotors 
producing axial and cross seal”. The rotor helices were chosen to ensure 
particular thread space to be completely filled and sealed off from suction 
at the same time with the entrance at the opposite end of a co-acting lobe 
of the second rotor. Further rotation established an axial seal that 
separated the current charge from the next one in succeeding groves. The 
axial seal moves axially with the rotation achieving the reduction in 
volume of the charge and adiabatic compression. When the leading lobes 
of the grooves passed the boundaries of the discharge port, the 
compressed medium communicated with the discharge. Thus the location 
of the port determined the built-in compression ratio. Slight leakage and 
dynamic effects were introduced in design by high peripheral speed. 
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? Details resulted from comparison with the three-threaded type of Roots 
blower (build by General Motors Ltd.) and Imo screw compressor 
(Japanese construction).  
? General arrangement and lead. While the Roots blower has 60 degree lead 
angle, the 3:3 Lysholm type compressor rotors have 146 degree and 217 
degree lead angle and the Imo compressor has over 720 degree lead angle. 
The Imo compressor has a single-threaded mail rotor meshed with two 
female rotors, has free axial inlet and an end plate on the pressure side. 
? Inlet and outlet. The Roots blower has a radial inlet against the direction 
of rotation and a radial outlet. The Lysholm compressor has an axial or 
axial + radial inlet and combined axial and radial outlet, which gives a 
diagonal flow. The Imo compressor has free axial inlet and axial or radial 
outlet. 
? Sealing. In the Roots blower the sealing line runs along the casing, the 
two ends walls and between the rotors, the whole length of the line being 
subjected to the full delivery pressure. If the lead should be increased the 
air would blow through. In the Lysholm compressor the sealing line 
resembles that of the Roots blower but differs in two respects: a) The 
sealing line on the low pressure end is short and is not subject to full 
delivery pressure, which enables high compression to be achieved 
between the lobes. For location of rotors relative to the high-pressure end 
it is only necessary to provide a small clearance, the axial movement of 
the rotor relative to the casing end plate taking place at the low pressure 
end, due to expansion b) In order to prevent short circuiting and to ensure 
adequate compression between the lobes a convex profile is taken on the 
trailing flank of the male rotor lobe. This is generated by the apex of the 
corresponding lobe of the female rotor. Similarly a concave profile is 
required in the trailing flank of the female rotor and this is generated by 
the apex of the male rotor. Sealing is obtained between the generated 
surfaces and the apex of the male and female rotor. On the leading flank 
of the male rotor lobe a filleted surface can replace the generating point 
for considerable reduction of the sealing line. The total sealing line length 
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   is about the same as the Roots blower sealing line length when no 
   compression takes place, but is considerably shorter than that of the Roots 
   blower when higher compression occurs. Shortening of the sealing line it 
   is obtained with the reduction of the compression space. In the Imo 
   compressor type due to the symmetrical shape of the lobes the sealing  
   line is considerably longer than in the other two cases. 
? Compression and capacity. The Roots blower does not allow compression 
between the lobes. Some low compression is only obtained by forcing the 
air backwards from the outlet, which causes pulsations and causes high 
losses due to compression to the full final pressure being effected in one 
single stage. In the Lysholm and the Imo types, compression between the 
lobes is controlled by the outlet port. The number of lobes in a Lysholm 
compressor should be at least 3:3 in order to obtain adequate compression 
between the lobes and sufficient space for the compressed air. For higher 
compression ratios, it is an advantage to increase the number of lobes 
thereby increasing the proportionate outlet area. The Roots and Lysholm 
have about equal capacity at equal speeds and delivery pressures. The Imo 
type compressor has considerably less capacity due to the fact that sealing 
at the low pressure end takes place between the lobes alone, and thus the 
air has to be trapped between the lobes before compression.  
? Detailed test results are discussed on two compressors with Lysholm-type 
rotors: 1) 3:3 lobe number combination; 150 millimetre (mm) male and 
90 mm  female rotor; 146 degree lead angle; inlet and outlet were of 
radial flow type; the limit line of the inlet and outlet ports followed the 
top of lobes; max speed 5900 rpm; pressure ratio up to 2.  2) 4:6 lobe 
number combination; pressure ratio up to 3; 150 millimetre (mm) male 
and 135 mm female rotor; 305 mm rotor length; 217 degree male rotor 
lead angle; max speed up to 12 000 rpm; efficiency at 9000 rpm and 1.75 
pressure ratio was 71%, at 2.25 pressure ratio the efficiency was 75%.and 
at 2.75 pressure ratio the efficiency was 72%. By reducing clearances (no 
specific figure were released) and some changes made (unknown specific 
data) efficiency improved to 80%.   
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? The invention fundamentals of the Lysholm-type (twin-screw) 
compressor rotors can be formulated in general principles such as: the 
rotor size is chosen so that theoretical top circle of the female rotor and 
the theoretical root circle of the male rotor coincide. with the pitch circles.   
 The main difference between the Roots-type and Lysholm-type 
 compressor rotors is that the Lysholm-type rotors have rotor profiles 
 distinctively different on each rotor of a set of rotors. For simplicity, the 
 rotor with convex trailing flank is specified as  “male rotor”, and “female 
 rotor” for the rotor with concave trailing flank and with opposite handing 
 of the spiral. The Roots blower rotors have the same rotor profile and 
 opposite hand of the spiral. The complete description of the process of 
 rotor profile generation is presented in the patent.  
? The mathematics of the Lysholm-type rotor profile was never released by 
Alfred Lysholm or by SRM; therefore there is no direct reference to it in 
the literature. 
? The original descriptions of the twin-screw compressor with Lysholm-
type rotor profile and the description of the original experiments with the 
Lysholm twin-screw compressors for automotive use were the main 
source of specific information for research presented in this thesis. 
 
 
Note:  The preceding Table 1.6.1 details the most relevant information on twin-screw 
supercharger technology that contributed to the background of the research presented in this 
thesis. More details and related works are covered by the literature referenced and listed in 
Chapter 1 of the thesis as follows. 
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2 RESEARCH OBJECTIVES 
2.1   Chapter summary 
 
The scope of work of this thesis, the research objectives, the research directions and 
methodology are presented in this chapter. The full content of this thesis is briefed in the 
thesis outline provided at the end of this chapter. 
2.2   Introduction 
The twin-screw supercharger performance depends on the rotor profile such as internal 
clearance, rotor speed, discharge air volume, etc. The rotor profile geometry is critical for the 
design of clearance and leakage control and has a direct influence on the mechanical loss, 
thus it is essential for a high performance twin-screw supercharger. The rotor profile 
influences the torque distribution between the two rotors, and the mechanical loss created by 
the axial and radial loads on the rotors. A three-dimensional (3D) mathematical model of the 
rotors is required in order to achieve a high degree of accuracy for design of this supercharger 
type. The mathematical model in parametric form developed by the research presented in this 
thesis allows geometrical and physical analysis of different designs. This was achieved 
through the model integration into commercial Computer Aided Design (CAD) software for 
visualization and analysis, simulation of rotor meshing in relation to fluid flow and leakage 
within a suitable interface. All these are essential for rotor profile optimisation. It is expected 
that this method used as a design tool will produce twin-screw superchargers of improved 
efficiency, and will reduce the design and manufacturing costs. 
2.3   Research objectives 
The main objectives of this research are defined through the set of six research questions that 
have been formulated in the Research proposal as follows: 
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? What is the relationship between rotor profile geometry, internal clearances and leakage 
pathways in twin-screw superchargers;  
? What are the main differences between the symmetric and asymmetric rotor profiles; 
? How can asymmetric rotor profile geometry be developed efficiently for any conjugated 
pair in three-dimensional space for specific performance requirements of the twin-screw 
superchargers; 
? Which asymmetric rotor profiles, from a multitude of acceptable asymmetric profiles, 
will ensure minimum leakage and maximum reliability at reduced manufacturing cost for 
specific twin-screw supercharger designs; 
? How can the reduced clearance between components be increased to reduce 
manufacturing cost while not compromising the efficiency of the supercharger; 
? What methods can be used for optimisation of this complex system, considering both 
mechanical and fluid dynamics parameters.  
 
The main objectives of research presented in this thesis concern, in essence the identification 
and development of a special methodology and tool for the efficient design of asymmetric 
rotor profiles that could be adapted to specific performance requirements. This research 
addresses the existing limitations of the twin-screw supercharger reflected by the literature 
review findings, such as the lack of information on leakage clearance size, leakage volume 
and distribution. The main concerns which define the objectives of this research are reduced 
volumetric efficiency, poor reliability and seizure resulting from tight edge clearance and 
high manufacturing cost.   
 
The 3D mathematical model of the twin-screw supercharger rotors includes the accurate 
definition of the rotor profiles which allows the description of the longitudinal meshing and 
the meshing line definition. It enables simulation of meshing and better control of internal 
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clearances, the correlation of leakage for a given set of performance parameters and better 
reliability. It can be seen that the 3D mathematical model can be used as an indicator for 
comparative evaluation of different rotor profiles. The integration of the CAD module with 
commercial CAD software provides a design tool for rapid visualization of design changes.  
It is also a tool for quantification of the effects of specific design criteria on the supercharger 
performance.  
 
Simulation of sealing based on the 3D mathematical model shows the leakage paths and 
supports leakage analysis in twin-screw superchargers. This is achieved by the accurate 
calculation of functional clearances between rotors and between rotors and casing in 
dependence with the mating rotor profiles. By these calculations, the influence of the rotor 
geometry on the leakage and on the volumetric efficiency of the supercharger is indicated. 
Leakages through all the leakage paths influence the supercharger performance; however 
each leakage path has its own distinct contribution to the overall performance. This research 
aims to identify:  
 
? which one of the typical leakage paths contributes the most to the overall loss through 
leakage in the twin-screw supercharger;  
? how the rotor profile and rotor geometry can reduce the leakage and improve volumetric 
efficiency for the same mechanical loss.   
 
In order to obtain optimal supercharger designs, it is essential that the effects of different 
rotor profiles on supercharger performance be analysed and quantified. The performance of 
this type of supercharger depends on rotor profile design, rotor lobe combination and related 
constraining rotor design factors. The research in this thesis investigates how the selection of 
rotor profile types, different rotor profiles and geometric design influence the supercharger  
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volumetric efficiency, especially at high speed and for specified compression ratios.  
Currently, rotor profile design is based on proprietary information from traditional licensors 
or manufacturers. There has been limited access to such information to date. Although there 
are unusually large numbers of patents dealing with rotor profiles, they do not give sufficient 
details regarding the rotor profile design and related performance parameters to enable their 
use in further research. There is no universal rotor profile which can guarantee optimum 
performance in all cases.  
 
This research interest is the modelling of helical rotors and the related geometry of their 
conjugated profiles for high pressure and high efficiency superchargers used in automotive 
engines. The research interest is heightened, in part, by the lack of unitary theory to 
accurately predict the gas leakage in correlation with the variation of inter-lobe clearances, or 
of the clearances between the rotors and other components of the supercharger. Currently 
there is a need for well defined design criteria, based on a 3D mathematical model, for twin-
screw supercharger rotors that will enable accurate identification and control of clearance 
values at any point of the rotors flanks.  
 
 
 
2.4    Research directions and methodology 
 
The research directions addressed in this thesis are formulated as follows:  
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? Identification of the main differences between the symmetric and asymmetric profile 
types to determine to what extent the two generic profiles share common design and 
performance features. 
? Identification of the explicit relationships between rotor profile designs, clearances and 
leakage paths. 
? Development of the three-dimensional (3D) mathematical model for generation of rotor 
profiles to support different supercharger performance characteristics.  
? Validation of the 3D mathematical model of the twin-screw supercharger rotors*. 
? Evaluation of the rotor-to-housing (tip-to-bore) clearance for both symmetrical and 
asymmetrical rotor profile types, in order to identify through comparative analysis its 
influence on leakage. 
? Definition of an appropriate method for evaluation of the sealing line clearance and 
leakage. 
? Identification of the influence of rotor wrap angle on the sealing line leakage and on the 
leakage in the low-pressure and high-pressure sides of the rotor lobe, including the 
assessment of the blow-hole contribution to the losses through leakage. 
? Development of a method for new rotor design assessment through comparison with data 
available from similar application*. 
? Development of an experimental test of high accuracy for rotor design data calibration*. 
? Definition of optimal asymmetrical rotor profiles for improved efficiency and reliability 
and formulation of strategies for optimisation of the twin-screw supercharger. 
 
The research methodology has built on the current body of knowledge accessed through the 
literature review, in order to support the research directions throughout the research 
presented in this thesis.  
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The main objective of this research was the development of optimal asymmetric rotor 
profiles for twin-screw supercharger and the investigation of the existing limitations, 
concerning especially leakage and reduced efficiency. There were four stages of this 
research, identified by the research methodology that targeted the four main areas of 
research investigation through modelling, validation, simulation and optimisation of twin-
screw supercharger rotors, leading to the development of:    
? The three-dimensional (3D) parametric mathematical model of the twin-screw 
supercharger rotors. 
? The integration of the 3D parametric mathematical model of the twin-screw supercharger 
rotors, integrated with commercial CAD software in a specialised CAD module for 
visualisation, validation, control of clearances, calculation of clearance leakage distribution 
and volume in radial and axial directions, and for evaluation of the supercharger volumetric 
efficiency.  
? The specialised CAD module designed is a flexible modelling tool, able to reflect 
changes in design parameters, and to select the best curve combinations for rotor profiles. 
By controlling the clearance distribution and areas, the specialised CAD module supports 
the selection of better manufacturability and performance; therefore it reduces the cost of 
twin-screw supercharger rotor development and prototyping. It can be also used as a reverse 
engineering tool for analysis of clearance distribution and assessment of different rotor 
profile types and geometry, calculation of volumetric efficiency and estimation of 
performance.  
? The simulation system resulted through the integration of the 3D parametric 
mathematical model of the twin-screw supercharger rotors with this CAD module. Thus, the 
CAD module is part of an intelligent design methodology for the generation of new 
supercharger rotor profiles for matching specific performance requirements.  
? The new design method of twin-screw supercharger rotors prescribes the precise  
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design methodology for new rotor designs, which are based on the 3D parametric 
mathematical model of the rotors, can be validated through visualisation in the specialised 
CAD module and as a result, CAD rotor models of various complexity and accuracy can be 
efficiently generated in the simulation system. 
? The validation of the CAD rotor models generated with the new design method, through 
comparison with data available from similar applications. 
? The experimental validation of the new method for design of twin-screw supercharger 
rotors, for which an original experimental investigation procedure with Laser Doppler 
Velocimetry (LDV) was designed. 
? A procedure for data reduction and uncertainty assessment of the LDV test results was 
developed in order to ensure the maximum accuracy of the experimental flow data obtained 
by testing reference twin-screw supercharger rotors. 
? The technique for validation of the LDV experimental procedure and test set-up based on 
comparison of the LDV experimental results with data available from similar applications. 
?  A set of strategies for design optimisation of the supercharger rotors. 
 
The research directions presented demonstrate how the research leading to this thesis 
evolved allowing new areas of research investigation. The research methodology enhanced 
by new technologies, is reflected in research focused in more depth on the main areas of 
investigation: modelling, validation, simulation and optimisation of asymmetric rotor 
profiles for the efficient design of the twin-screw supercharging compressors (twin-screw 
superchargers).  
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2.5 Thesis outline   
 
The thesis follows the methodology developed for modelling, simulation and optimisation of 
asymmetric rotor profiles in twin-screw superchargers.  
 
The first Chapter, with presentation of background to research through literature review, 
reveals the motivation of research resulting from the need for supercharging the automotive 
engine for extra power, fuel economy and low emission and the need for high performance 
superchargers. It provides the body of knowledge on supercharging and superchargers. By 
summarising publications of relevance it highlights the twin-screw supercharger as an engine 
boosting device, capable of achieving high compression and high volumetric efficiency at 
low speed. 
 
The second Chapter, with summary of research objectives, identifies the research specific 
requirements, and in particular the directions and methodology used to extend the body of 
knowledge contained in the literature review findings. 
 
The third Chapter presents the development of the new three-dimensional (3D) parametric 
mathematical model of the twin-screw supercharger rotors, based on geometric and kinematic 
properties of the helicoidal surfaces. The background for development of the original 3D 
parametric mathematical model resulted from a number of limitations and inconveniences 
associated with the existing rotor models. Algorithms for calculation of two-dimensional 
conjugated rotor profiles and a method for generation of two-dimensional rotor profiles were 
the main limitations for the development of the 3D parametric mathematical model of the 
twin-screw supercharger rotors.  
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The fourth Chapter gives details on development of the specialised CAD module for design 
of twin-screw supercharger based on the 3D mathematical model of the supercharger rotors 
as discussed in Chapter 3. The adaptive, model-based CAD module, with built-in intelligent 
features supports the system approach to rotor design based on correlations of parameters for 
high performance superchargers. The CAD module for visualisation and validation of new 
rotor profiles and the 3D mathematical model of the supercharger rotors represents a 
simulation system that can be used for optimisation of this supercharger type.  
 
The fifth Chapter discusses the adaptation of the methodology for validation of new rotor 
profiles which was obtained by dynamic similarity analysis of twin-screw supercharger 
models. This was achieved by the application of dimensional analysis and physical similarity 
principles and through scaling of experimental results.  
 
The sixth Chapter identifies the flow and leakage characteristics in the twin-screw 
supercharger and develops the original grapho-analytical method of characteristic lines.  
This was obtained by simulating the meshing of rotors with selected functional clearance. 
From the simplified model of the thermo-fluid system within the supercharger is obtained the 
mapping of the typical leakage paths identified in the supercharger. The overlapping space 
shared by the rotors was identified as potentially the main source of losses through leakage 
with this supercharger type. Evaluation of leakage through the overlapping cavity of the twin-
screw supercharger rotors was obtained from the clearance and leakage simulation through 
the rotors overlapping space and by application of the conservation laws of fluid mechanics. 
 
The seventh Chapter presents experimental Laser Doppler Velocimetry (LDV) measurements 
of the flow field in the automotive twin-screw supercharger for flow analysis. This technique 
is used as a supercharger design optimisation strategy in Chapter 8. The special procedures of 
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the LDV experimental test are introduced and the test rig and test set-up are discussed. For 
selection of LDV test results, a special procedure was required to be developed using 
uncertainty assessment based on statistical inference methods in the LDV testing process. 
 
The eighth Chapter discusses the use of the three-dimensional (3D) model of the twin-screw 
supercharger rotors as a design optimisation tool. With the specialised CAD module, based 
on the 3D parametric mathematical model of the rotors, CAD models of the supercharger 
rotors were generated. These CAD models are further used for analysis of fundamental 
correlations between the rotor geometry, the clearance distribution in axial and radial 
direction, the air flow characteristics and the leakage. The Computational Fluid Dynamics 
(CFD) static simulation is introduced as a tool for visualisation of losses through leakage 
flow. Validation of the CFD simulation results can be obtained by calibration of the CFD 
simulation results with experimental data. This strategy is to be used for design optimisation 
of the twin-screw supercharger rotors. A special methodology was developed for selection of 
optimal LDV test measurements through identification of LDV experimental error sources 
using data-reduction equations. Concluding remarks are summarised with the main strategies 
for multidisciplinary optimisation of twin-screw supercharger rotor design.  
 
The ninth Chapter draws general and specific concluding remarks and suggests directions for 
future research.   
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3 MATHEMATICAL MODELLING OF ROTORS IN 
TWIN-SCREW SUPERCHARGERS  
3.1   Chapter summary 
A review of typical samples of supercharger rotors is presented and from the accurate 
description of their characteristic features, the fundamental geometric properties of the rotors 
and their profiles were extracted. Existing algorithms traditionally used for generation of two-
dimensional conjugated rotor profiles are discussed, and two analytical methods for 
generation of conjugated rotor profiles were identified as:  
? Breaking of composite rotor profiles in component geometric arcs expressed in 
parametric form. 
? Obtaining expressions for the conjugated rotor profiles from given profile arcs by 
applying the conjugacy condition through classic methods of differential geometry.  
The limitations and inconveniences associated with the analytical methods that cover rotor 
profile design were isolated. From the research background, the significant need for the 
development of new two-dimensional parametric mathematical models of the supercharger 
rotor profiles was identified. A new method for generation of two-dimensional rotor profile 
by coordinate transformation using geometric profile curves expressed in matrix form was 
introduced.  
 
The major research concern was the development of a new three-dimensional parametric 
model of supercharger rotor profiles, based on typical geometric and kinematic properties of 
helicoidal surfaces, and to derive the deterministic mathematical model of the conjugated 
rotors in a form suitable for simulation of the rotor meshing. The new three-dimensional 
parametric mathematical model of the conjugated helical rotors was obtained as locus of 
points generated by the geometric entities contained by the profile of one of the rotors, which 
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was derived by coordinate transformation through equations in matrix form. The basic 
research motivation was to obtain methods for mapping of the geometric curve points of one 
of the rotor profile into the locus generated by that profile on the conjugated rotor. 
Conjugated rotor profiles for given geometric curve segments were expressed in the equation 
of meshing in the three-dimensional space, similar to the theory of gearing. More specifically 
in gearing the conjugated tooth profiles may be obtained through a process of reciprocal 
generation, and may be expressed in the equation of meshing. 
 
Concluding remarks  
The interpretation and discussion of results emphasizes the generality of the method and its 
applicability for accurate conjugated rotor profile calculation. The new three-dimensional 
method for modelling conjugated supercharger rotor profiles being based on the deterministic 
model, can be extended for mapping the clearances in critical areas of the rotors, and for 
accurate definition of the contact lines between meshing supercharger rotors. The accuracy of 
this method eliminates the stochastic approach in obtaining clearance values. 
 
In addition, the new 3D mathematical model of conjugated rotor profiles can be used to 
control the accuracy of the main supercharger rotor characteristics and to define the clearance 
paths in both axial and radial direction of the rotors within the supercharger. Therefore it has 
been identified as a rotor design tool which, when integrated with specialised CAD software 
for visualisation, performs model validation. The CAD module for intelligent design of the 
conjugated rotor profiles based on the new 3D mathematical model of the supercharger rotors 
was developed and is presented in Chapter 4. It was used to create simulation models of the 
twin-screw supercharger conjugated rotors for design optimisation of this supercharger type. 
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3.2   List of symbols 
 
     profile parameter of rotor 2 
     profile parameter of rotor 1 
f    differentiable parametric functions of order 1 
2Π    profile of rotor 2 
1Π     profile of rotor 1 
2S     moving coordinate system rigidly linked to rotor 2 
1S     moving coordinate system rigidly linked to rotor 1 
1 2 1( , )ϕ ϕr    parametric vector function 
1C     the space of differentiable parametric functions of order 1 
1r     radius vector of rotor profile 1 
2 2( )ϕN    normal to curve of locus 
θ     profile parameter 
φ     kinematic parameter 
1iΠ    curve segment on rotor profile 1Π  
2iΠ    curve segment on rotor profile 2Π  
jφ     kinematic parameter 
i     transmission ratio 
1R     helical rotor 1 
2R     helical rotor 2 
A     centre distance   
1ϕ     rotation angle of 1R  (also profile parameter of rotor 1) 
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2ϕ     rotation angle of 2R  (also profile parameter of rotor 2) 
1 2( )ϕ ϕ     transformation of rotational motion between rotor 1 and rotor 2 
1 2( , )α α    open interval in R  
R     the real numbers set 
1 1 1 1( )S X O Y   moving coordinate system rigidly linked to 1R  
2 2 2 2( )S X O Y   moving coordinate system rigidly linked to 2R  
( )F F F FS X O Y   fixed coordinate system rigidly linked to the frame                                               
G     parametric space of geometric continuity   
2ϕΠ    planar curves of rotor profile 2Π motion 
2ϕΠ    planar curves of the rotor profile 1Π  
1 2( ,f )ϕ ϕ    envelope 1 2( , )f ϕ ϕ of the locus of planar curves 2ϕΠ  
[ ]2r  = [ ]2 2( )r ϕ    coordinates of the rotor profile 2Π  
[ ]1r  = [ ]1 1 2( , )r ϕ ϕ    coordinates of the rotor profile 1Π                                                                                   
[ ]12M    coordinate transformation matrix from  2S  to 1S  
ri (ui)   vector functions of current point of the rotor flanks 
u i (i = 1, 2)   functions of scalar independent variable 
t    scalar independent variable    
P    current point on the rotor meshing flanks 
( )C C C CS X O Y   moving coordinate system rigidly linked to 1R  
( )D D D DS X O Y   moving coordinate system rigidly linked to 2R  
( )F F F FS X O Y   fixed coordinate system rigidly linked to the frame 
zi (i = 1, 2)   axial advance 
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τi (i = 1, 2)   projection of instantaneous angle 
2ϕr     directional derivative of vector 2ϕr  
( 1, 2)ip i =   rotor constant 
 1m    number of starts of rotor 1R   
 2m    number of starts of rotor 2R  
 
3.3   Introduction 
The key to the twin screw supercharger performance is the design of the rotors and in 
particular the design of the rotor profiles. This Chapter discusses the approach to geometric 
modelling of high performance supercharger rotors. An original three-dimensional parametric 
model of the twin-screw supercharger rotors was developed. This supercharger type has been 
regarded as a relatively simple automotive component because involves only two moving 
parts, the rotors. However, the design of helical rotors is particularly difficult and their 
manufacturing is expensive, due to issues of accuracy, variability, tight tolerancing, tooling, 
measurement, testing and prototyping.  
 
The twin-screw supercharger was adapted for automotive use as a modified version of the 
twin-screw compressor. It relies almost entirely on proprietary information from traditional 
licensors or manufacturers. There has been limited access to rotor design information to date, 
although there are a large number of patents dealing with rotor profiles. Application driven 
studies do not discuss details of rotors designed for different performance parameters, and in 
particular do not discuss an optimal rotor profile design. There is no universal rotor profile 
which can guarantee optimum performance in all cases. Batch production rotors 
manufactured through computer numerical-control (CNC) machining are available as stock 
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components, but at a high cost. Matching such rotors to a specific engine although subject to 
research is limited to a selection of characteristics acquired from existing rotors and existing  
engines ([6], [8] and [9] in Chapter 1) none of which can be modified. 
Interest in modelling rotors of twin-screw compressors has been heightened in part by lack of 
unitary theory to accurately predict the gas leakage in correlation with the performance and 
rotor parameters. Recently published research work on evaluation of the inter-lobe clearance 
of twin-screw compressor by Z. H. Fong et al. (2001) concluded that computing iso-clearance 
leakage paths and predicting leakage in twin-screw compressors can based on the stochastic 
model of scattered sample data interpolation. Using a computer program, discrete clearance 
data points are randomly generated by one of the following methods:  
? a choice of interpolation scheme from a known mathematical model of a multi-segment 
tooth profile;  
? a cloud of data points extracted from sample rotor flanks.  
These methods are time dependent and stochastic in their approach. By contrast, the clearance 
mapping method developed by this research derived from the deterministic 3D parametric 
mathematical model of the rotors and produces accurate results. 
 
Currently there is a need for theoretical investigation of rotor profiles, for a generic 
mathematical model of the supercharger twin-screw rotors, and for well defined design 
criteria which enables accurate identification and control of clearance magnitude and 
location. The new three-dimensional (3D) parametric model that will be presented in this 
Chapter will be used for description of meshing, through the accurate definition of the 
meshing line of the rotors, and for mapping the leakage clearance paths in the twin-screw 
supercharger. Both the meshing line and the leakage clearance paths can be used in 
simulations as rotor performance indicators and for comparative evaluation of different rotor 
profiles. By enabling the accurate identification and mapping of the inter-lobe clearance at 
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any point of the rotors, the new 3D parametric model of supercharger rotors will allow 
quantification of the leakage flow and design optimisation at affordable computational costs. 
3.4   Generation of two-dimensional rotor profiles 
The twin-screw compressor rotor profiles provide information for the analysis of typical 
meshing requirements of the rotors in correlation with the analytical definition of the rotor 
profiles. If the rotor profiles are fully defined analytically in the transverse plane then the 
rotors main meshing requirements can also be expressed analytically; if the rotor profile of 
only one rotor is fully defined analytically, then there is an analytical method for finding a 
conjugated profile of the given rotor. In both cases, as described above, an analytical method 
for finding the contact line applies. Meshing of the helical rotors in the transverse plane 
(normal to the rotation axis of the rotors) has the same kinematics as that of spur gears. 
Therefore the theory of gearing applies in the same way to the generation of conjugated rotor 
profiles.   
 
According to the theory of gearing applied to twin-screw compressor rotor profile design, one 
of the rotor profiles in meshing is the enveloping profile and may be set arbitrarily. The 
choice of the enveloping profile being usually application-driven, the second profile which is 
the enveloped profile, must be taken as resulting through the rules of gear profile conjugation, 
as expressed by the equation of meshing. Due to selection by choice of the enveloping 
profiles, both the enveloping and the enveloped profiles must fully comply with pre-defined 
requirements such as: to satisfy the fundamental theorem of meshing, to be free of gaps, 
loops, points of inflection and other imperfections of this nature, and to be convenient for 
manufacturing. These requirements are satisfied by general analytical homogeneous curves, 
which are applicable to the definition of the rotor profiles in transverse plane. The 
preliminary meshing conditions for rotors running on a given center distance are set up in 
 54
accordance with the theory of meshing, and it is possible to: define analytically the 
conjugated rotor profiles of both rotors when only one of the profiles is known in advance, 
and obtain the analytical definition of the meshing line and contact line.  
The key to the problem of determination of conjugated two-dimensional (2D) geometric 
shapes in general and in particular the problem of generation of 2D conjugated rotor profiles, 
lies in writing the equation of meshing: 
2 1( , ) 0f ϕ ϕ =                                                                                                              (3.1) 
where:  
2ϕ  is the parameter of given rotor profile 2Π ;  
1ϕ  is the parameter of unknown rotor profile 1Π .  
Equation (3.1) relates the parameter 2ϕ of the given rotor profile 2Π to the parameter 1ϕ of the 
locus generation defined as the motion of the rotor profile 2Π . This can be done with several 
2D methods. For this research case, a method from the theory of gearing to define conjugated 
gear profiles was reformulated to determine 2D conjugated rotor profiles. 
 
3.4.1   Vector differential geometry methods for defining conjugated rotor profiles  
A fully defined rotor profile 2Π  is taken in the moving coordinate system 2S  rigidly linked 
to rotor 2. The unknown rotor profile 1Π  is determined as the locus of rotor profile 2  from
the equation of meshing. The resulting rotor profile 
Π  
1Π  will be defined in the coordinate 
system 1S  rigidly connected to rotor 1, and will be represented by a parametric vector 
function: 
1
1 2 1( , ) Cϕ ϕ ∈r                                                                                                             (3.2) 
where: 
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1 is the space of differentiable functions of order 1;C  
1r  is the radius vector of profile 1Π  in 1 . S
The equation of meshing of the known profile 2Π  with its locus results from the necessary  
condition of envelope existence in the theory of gearing: 
 2 2
2 1
0d d
d dϕ ϕ× =
r r                                                                                                          (3.3) 
Another version of the same method obtains the equation of the rotor profile 1Π  from the
geometrical requirement that at the point of tangency of the curves of locus 
 
1Π  with their 
envelope 2Π , the normal 2 2( )ϕN  to a curve of the locus is perpendicular to the local vector
tangent
2ϕr . 
 
3.4.2    Analytical methods for defining conjugated rotor profiles  
Both rotor profiles represented as 2D analytical curves are taken in parametric form and 
conjugacy conditions are obtained with an algorithm for generation of 2D conjugated rotor 
profiles. Consistent with gearing practice, the rotor profiles were expressed in parametric 
form with at least two parameters: the profile parameter θ and the kinematic parameter  φ  . 
This is a generic idea mentioned by Sacun [43] who referenced it from previous published 
authors as the method for generation of two-dimensional conjugated profiles. Profile 
parameterθ accounts for the dependence of profiles 1Π  and 2Π  on reciprocally generated 
arcs expressed in parametric form: 
1
1
( ) 0;x θ =
( ) 0;y θ
⎧⎨ =⎩
                                                                                                               (3.4) 
2
2
( ) 0;
( ) 0;
x
y
θ
θ
=⎧⎨ =⎩
                                                                                                               (3.5)   
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An envelope of the parametric profile curves on one rotor generates conjugated arcs on the 
other rotor such that on rotor profile 1Π  any curve segment 1iΠ  ( i = 1,2,…,n ) is the
conjugated curve of a primary curve segment 
 
2iΠ  ( i = 1,2,…,n ) of rotor profile 2  and it 
can be determined analytically by finding a relationship between parameters from the 
expressions (3.4), (3.5) and the equation of kinematic dependency of profiles 
Π
1Π and 2Π  
expressed with the kinema ic parameterst  jφ  ( j  = 1,2): 
1 2iφ φ= ⋅                                                                                                                     (3.7) 
where i  is the transmission ratio of the rotors. The resulting conjugacy condition of the curve 
segments 1i  andΠ  2i is the differential equation of the envelope: Π   
0.x y x y∂ ∂ ∂⋅ − ⋅ =                                                                       θ φ φ θ
∂
∂ ∂ ∂ ∂                         (3.6) 
 
d in a specified 
motion are conjugated if one generates (or envelops) the other one.  
r one 
e 
rotor profile manufacturability, but this increases computational and manufacturing costs.  
This method for generation of conjugated rotor profiles is a practical procedure for finding
analytically the envelope of two-parameter families of plane curves. It can be extended to 
three-dimensional (3D) form based on the postulate that two surfaces engage
relative 
 
The rotor profiles generated by conjugacy methods have a few deficiencies. The applicability 
of these methods to design of conjugated rotor profiles is limited to functions with envelopes 
from which are selected only the functions practical for manufacturing. The analytical 
methods for design of rotor profiles based on profile conjugacy select primary curves fo
rotor and evaluate secondary curves on the conjugated rotor through a combination of 
analytical calculations and experimental data. They can accommodate corrections and 
adjustments of rotor profile segments for better distribution of clearance or for improving th
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3.5    Parametric modelling of twin-screw supercharger rotor profiles   
 
Rotor profiles have direct influence on supercharger performance. Many profile forms are 
possible and have been tried to date. Symmetrical circular profiles are simpler to produce but 
are associated with high cost due to the complexity of the machining required to maintain 
tight edge clearances and reduced losses through air leakage. The asymmetrical profiles are 
more efficient but still need improvements. Although in recent years research advanced 
through mathematical modelling and computer simulation, the selection and distribution of 
primary curves on asymmetrical profiles are still application-driven for a wide range of 
profile design, and rely on empirical data and trials. Manufacturing of such profiles is based 
on tradition, trial-and-error and prototype building. The Swedish company Svenska Rotor 
Maskiner (SRM) developed parametric 2D models for generation of rotor profiles for twin-
screw oil-injected compressors in the 1950s. SRM also performed work to control the 
generation of the sealing line, size and position of blow holes [Appendix D] and minimum 
functional clearance between rotor flanks in the transverse direction. Parametric rotor profile 
models of trademark SRM and their many versions are described in literature ([51], [44]) and 
have been referenced for many years as the best asymmetric profiles for oil-injected twin-
screw compressors. A SRM-D-profile parametric model [Appendix D] is a profile system 
with very complex 2D local arc geometry. It can be changed from variable basic parameters 
to different profile sizes which match a range of requirements for the compressor sealing and 
rotor manufacturing. However, they are geometrically complicated through selection and 
distribution of numerous primary profile curves. The generation of 2D secondary curves on 
the conjugated rotor profiles is also complicated and depends on many local geometric 
details. From the description of several versions of the type-D-SRM parametric profile 
models available in the literature ([51], [44], [46]) it can be seen that although this rotor 
profile is parametric and covers various dimensional ranges of industrial oil-injected twin-
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screw compressors, its mathematical profile definition and conjugacy conditions are 
unsuitable for use with twin-screw superchargers. The twin-screw superchargers with 
Lysholm-type rotors and asymmetric rotor profiles available as stock components have been 
tested for matching various engines as discussed in Chapter 1 ([6], [8]). This was possible 
mainly because of the satisfactory volumetric efficiency and affordability in various ratios.  
 
The mathematics of Lysholm-type rotor profiles was never released by A. Lysholm or by 
SRM; therefore in literature there is no direct reference point to illustrate the influence of this 
type of rotor profiles on the supercharger performance. The original description of Lysholm-
type rotor profile geometric generation does not include analytical definitions, and it was 
found that small variations in definition of curve type or arc segments could easily induce 
imperfections through regression points (singular points) or inflexion points that make 
unpractical and inefficient rotor profiles.  
Concluding remark: Currently there is a need for the generation of rotor profiles from generic 
mathematical models which integrate the rotor profile geometric design with the full analytic 
continuity conditions, manufacturing restrictions and functional consistency. 
 
3.5.1   Two-dimensional parametric model of twin-screw supercharger rotor  
Two-dimensional rotor profiles were obtained in transverse plane as locus of points generated 
by geometric entities such as lines or arcs of revolving solids; therefore based on the 
principles for generation of gears transverse profiles, conjugated rotor profiles will be derived 
by coordinate transformation. Thus for a set of rotors 1R  with rotor profile 1  andΠ  2R  with
rotor profile 
 
2  running on parallel axis at centre distancΠ e A , three coordinate systems were
set up as shown in Figure 3.5.1:  
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. 
 
             
       Figure 3.5.1: Coordinate Systems for generation of 2D parametric rotor profiles 
 
 
1 =S  1 1 1 1( )  defined as a moving coordinate system rigidly linked toS X O Y 1R ; 
2S = 2 2 2 2( )S X O Y   defined as a moving coordin e s ste d to at y m rigidly linke 2R ; 
FS = ( )F F F FS X O Y  defined as the fixed coordinate system.  Kinematic dependency of t
rotors 
he 
1R  and 2R  we e e  a parame ric fun ion r xpressed by t ct 1ϕ = 11 2( ) ;Cϕ ϕ ∈  where  1ϕ  d an
2ϕ are the rotation angles of 1R  and 2R ; 1C  is the space of differentiable parametric  
functions of order 1 and 2 1 2( , )ϕ α α∈  with 2 , 2 Rα α ∈ .  
Rotor profile 2Π  which was arbitrarily selected is defined as a regular parametric curve by  
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2r = 2 2( );ϕr where: 12 ( ) ;2 Cϕ ∈r  2 0;dϕ2d ≠
r
 2 Gϕ ∈  and G is a parametric space of order
zero continuity otor profile 
 
. R 1Π  was derived as conjugated with rotor profile 2Π  from the 
equation: 
[ ] [ ][ ]1 12 2r M r= ;                                                                                                        (3.7) 
where: [ ]2r  =[ ]2 2r ( )ϕ ; [ ]1r  = [ ]1 1( )r ϕ and [ ]12M  describes the coordinate transformations  
from 2S  to 1S .  
ors 
 the 
ensional to three-dimensional 
eneration of parametric rotor profiles must be obtained.  
with flanks defined by
  
3.5.2    Three-dimensional parametric model of the twin-screw supercharger rot
Three-dimensional model of the twin-screw supercharger rotors can be derived from
physical model of the twin-screw compressor rotors. For development of the three-
dimensional parametric model, the extension from two-dim
g
 
A set of twin-screw compressor rotors with pre-defined geometry and construction was 
considered in the three-dimensional space. As showed in Figure 3.5.2 the rotors have grooves 
 helical surfaces and axial pitch h = const. The helical surfaces 1  and Σ
2Σ  were obtained by screw-motion of generating plan  curves along the rotors longitudinal 
axes. The rotors run o  par ntre distance
ar
n allel axis at ce A , and three coordinate systems we
set up in 3D s
re 
pace as: CS = ( )C C C CS X Y Z  defined as a moving coordinate system rigidly 
linked to 1R ; DS = ( )D D D DS X Y Z  defined as a moving coordinate system rigidly linked 
to 2R ; FS = ( )F F F FS X Y Z defined as the fixed coordinate system. 
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As shown in Figure 3.5.2, the tangency point P belongs to the rotor profiles in transverse and 
ial direction and advanced by a distance calculated as follows:  
zi   =  
ax
π2
hi  .  τi   =  pi . τi , (i = 1, 2)                                                                                        (3.8) 
 
 
 
 
 
 
 
 
 
 
 
 
 
            
 
      Figure 3.5.2:  Coordinate Systems for generation of 3D parametric rotor profiles  
 
 (i = 1, 2) is the axial pitch of driving or driven rotor; τ  (i = 1, 2) is the current 
rotation angle of a generating curve around an Oz axis; z (i = 1, 2) is the elevation of P and  
pi (1 = 1, 2) is the helical rotor constant.  
where:  hi i
i  
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Figure 3.5.3 represents the rotors in transverse plane and centre distance A in transverse 
direction so that 1 2A r r= + , where 1r  and 2r  are radii of the primitive circles and 
transmission ratio i is i = r2 / r1 or i = m2 / m1 with m  m the 
T
1 and 2 being the number of starts of 
screw rotors.                                                                                                             
he generating planar curves of the rotor profile 1Π  and 2Π  in the transverse plane of the 
rotors 1R  and 2R  were defined in the 2D coordinate systems shown in Figure 3.5.3, where  
( )C C C CS X O Y was defined as a moving coordinate system rigidly linked to 1Π , 
( )D D D DS X O Y  was defined as a moving coordinate system rigidly linked to 2Π  and 
( )F F F FS X O Y  was defined as the fixed coordinate system. 
The screw motion of the rotors shown in Figure 3.5.2 induces the axial advance z of the 
current point of tangency P, corresponding to rotation angles 1τ  and 2τ from Figure 3.5.2.
 
 
     Figure 3.5.3: Coordinate Systems for generation of 2D parametric rotor profiles     
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The position in 3D space of the tangency point P situated on the helical flanks of meshing 
rotors 1R  and 2R  is defined by the vectors r1( 1 1,ϕ τ ) or r2( 2 2,ϕ τ ). The helical rotors 1R  and 
2R  have conjugated rotor profiles in transverse and longitudinal directions when the linear 
and angular dependencies between the movements of point P are expressed by the first rule of 
gear meshing: 
 
1 1 2 2p pτ τ⋅ = ⋅                                                                                                                      (3.9) 
Thus the first rule of meshing was used to express the angular dependency between the 
conjugated rotors as: 
1
2
2
1
m
m
=
τ
τ
                                                                                                                     (3.10) 
otion of the 
rotors 
These dependencies were extended in 3D by simulation of the real-time screw m
1R  and 2R  which were expressed in matrix form as: 
[ ]1 1 1( , )r ϕ τ  =  [ ]12M   [ ]2 2( ,r 2 )ϕ τ                                                                               (3.11)     
 where [ ]M12  describes the coordinate transformations from 2S  to 1S  as shown in  
Figure 3.5.2.    
ors 
functional or manufacturing reasons. The rotor profile type is obtained by profile geometry 
                                             
3.6   The 3D parametric modelling of twin-screw supercharger rot
 3.6.1   Problem statement  
A set of twin-screw supercharger rotors with pre-defined geometry and construction was 
considered. The rotor profile geometry can be specified as a function of the rotor profile 
curve type, through individual curve segment designation, curve parameter designation, 
parametric dependency selection and various contingency factors reserved for accuracy, 
 64
specification through profile curve type designation. The rotor type either symmetric or 
asymmetric, is specified through the geometric properties and relative location of rotor profile 
omponent curves. The complete mathematical description of the supercharger rotor profile is 
program for rotor profile design. 
ws 
 
nt 
ecified 
 
 and 
e 
twin-screw supercharger rotors was integrated with the specialized CAD module into a CAD 
c
part of the computer 
 
3.6.2    Objectives 
Typical objectives of research presented in this thesis were to model both the geometry and 
the construction of the twin-screw supercharger rotor profiles in a parametric form that allo
correlation between the rotor profile geometry and the twin-screw supercharger performance.  
In order to achieve this, the twin-screw supercharger rotor profile geometry in parametric
form must conserve the geometric properties of the rotor profiles in both transverse and axial 
direction. This was achieved through the careful selection of geometric primitives, poi
generation and parameter range that would not alter the fundamental computations sp
by the construction algorithms. The evaluation of the rotor profile boundary has been
automated by the rotor profile design program, in order to match all the pre-defined 
performance parameters. The overall geometric design of the supercharger rotors in 
correlation with the supercharger pre-defined performance parameters are part of the 
specialized CAD module. This allows rotor profile validation through CAD visualization
facilitates subsequent rotor profile editing through manipulation of parametric constraints. 
Typically, design of rotor profiles with this approach allows three types of generic rotor 
profile constraints: constraints by shape, dimensional constraints and geometrical constraints, 
all correlated by parameter selection. To operate a required constraint, the values of som
profile parameters are changed. These changes update the rotor profile geometric description 
and solve the rotor profile equations. The definitions of the supercharger performance 
parameters alter the values of other influencing parameters. The 3D parametric model of the 
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simulation system or intelligent design of twin-screw supercharger rotors. For example w
the rotor profile 
 f hen 
jΠ  is known  it can be used to generate the helical grooves of the given
rotor, whilst the rotor profile 
,  
kΠ is obtained through s ulation of rotor meshing with the im
rescribed angular allowance between rotor profiles p  kΠ  and  jΠ  as showed in Figure 3.5.4.  
 
 
                                jΠ                                           kΠ                               
                                                                                                              
 
            
           
         
 
  
 
3.6.3  
The sy
were o
rcs sh
 
a
Rotor axis ee
 Generated conjugated rofil
                
               Figure 3.6.1: Conjugated parametric rotor profiles kΠ and
  Method of solution 
mmetric rotors showed in Figure 3.6.3 and asymmetric rotors show
btained by parametric modelling from the same 2D rotor profile ma
owed in Figure 3.6.2.  
66Centre distanc jΠ  
ed in Figure 3.6.4 
de of regular curve 
 
 
Figure 3.6.2: Symmetric rotor profile 
                                             
               
                                                                                   
                                    
     
                                                                  
   F metric profile rotors                  Figure 3.6.4: Asymmetric profile rotors 
 
 
or 
rofile is completed in two steps as follows: 
        
igure 3.6.3: Sym
The operation of modelling symmetric or asymmetric rotors from the same base 2D rot
p
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Step 1: Parameterisation of the regular curves of a given base 2D symmetric composite rotor 
rofile in order to obtain a generic symmetric rotor profile. Such regular curves will be 
xpressed with parameters, which allow matching the symmetric profile geometry with other 
esign criteria; 
tep 2:Re-parameterisation and re-definition of the 2D generic rotor profile obtained in  
tep 1, in order to further generate either an asymmetric parametric rotor profile, as shown in 
igure 3.6.5, or another symmetric parametric rotor profile, as shown in Figure 3.6.6. 
 
 
 
 
 
 
 
ROTOR 1 CURVE ARCS DEFINED IN X1O1Y1
 
ROTOR 2 GENERATED CURVE ARCS IN X2O2Y2
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S
S
F
 
 
 
 
 
 
 
F1Q1 ( CIRCLE ) J2S2    ( CIRCLE ) 
Q1P1 ( TROCHOID ) S2N2   ( TROCHOID ) 
P1A1 ( TROCHOID )   N2A2 : N2D2 (TROCHOID)  U  D2A2 (TROCHOID) 
A1B1 ( CIRCLE ) A2M2 : A2B2  (CIRCLE) U  B2M2 (TROCHOID) 
B1C1 ( CIRCLE ) M2K2  ( TROCHOID )  
C1L1 ( CIRCLE ) K2I2    ( CIRCLE ) 
 
   
      Figure 3.6.5: Asymmetric parametric 2D rotor profiles  
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ROTOR 1 CURVE ARCS DEFINED IN X1O1Y1
 
ROTOR 2 GENERATED CURVE ARCS IN X2O2Y2
F1Q1 ( CIRCLE ) J2S2    ( CIRCLE ) 
Q P ( TROCHOID ) S N    ( TROCHOID ) 1 1 2 2
P1A1 ( TROCHOID )   N2A2 : N2D2 (TROCHOID)  U  D2A2 (CIRCLE) 
A B  ( TROCHOID ) A M  : A B  (CIRCLE) U  B M  (TROCHOID)1 1 2 2 2 2 2 2  
B1C1 ( CIRCLE ) M2K2  ( TROCHOID )  
C1L1 ( CIRCLE ) K2I2    ( CIRCLE ) 
 
Figure 3.6.6: Symmetric parametric 2D rotor profiles 
Concluding Remarks 
The symmetric composite rotor profile shown in Figure 3.6.3 is generic. It was made from 
es it 
c 
ity 
2D analytical curves expressed in parametric form. Therefore, through parameter chang
is possible to redefine various asymmetric rotor profiles, as shown in Figure 3.6.4. The 
number of curves and curve types on both symmetric and asymmetric composite profiles 
were selected to criteria specified by the construction algorithms. The piecewise parametri
composite curves are correlated with constraints required by performance parameters, to 
ensure they are continuous, without gaps, inflexions, turning points. The geometric continu
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and profile matching conditions of the composite rotor profiles from matching sets are 
n 
s of 
tion in a twin-screw supercharger system, 
is thesis covers the correlation between the 
upercharger geometry and its performance parameters related especially to leakage analysis 
geometric properties in both transverse and axial directions and the construction algorithms. 
ign and the resulting properties of the supercharger rotors 
implemented through the 3D parametric modelling presented earlier in this Chapter are 
d 
er to a specific engine are outside the 
cope of the research presented in this thesis as defined in Chapter 2 of the thesis.       
verified by a computer program which is part of the CAD module. 
The analytical functions used in modelling the supercharger helical rotors must satisfy 
stability criteria which guarantee that the variation of the helical rotor profiles in operation (i
time) is limited and convergent eliminating the occurrence of large and irregular variation
the rotor profile. It is known that during opera
forced compression is continually induced through the rotor construction and rotor profile 
geometry. As a consequence, the helical rotors have a periodic operating regime, and this 
needs to be considered in the geometric design of the rotors. 
 
The main scope of the research presented in th
s
and implemented through the parametric mathematical model of the supercharger rotors, in 
order to conserve the specific relationships between the rotors geometric parameters that 
influence the supercharger working process. 
This modelling and design strategy ensures the correct correlations between the supercharger 
Thus the geometric des
determinant for their subsequent study.  
 
It must be noted that the thermodynamic system, the twin-screw supercharger power 
requirements and related operating conditions, the on and off design performance an
matching of a selected twin-screw supercharg
s
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4 CAD MODULE FOR DESIGN OF TWIN-SCREW 
SUPERCHARGER ROTOR MODELS  
4.1   Chapter summary 
The development of the advanced Computer Aided Design (CAD) tool presented in this 
Chapter of the thesis was motivated by the need for improved accuracy, reduced design cycle, 
and cost reduction of twin-screw supercharger rotor design, in order to relate it better to 
advanced research issues in simulation and manufacturing. The operation of this CAD 
module is based on the 3D parametric mathematical model of the twin-screw supercharger 
rotors presented in Chapter 3 of the thesis. A simulation system was developed from the 3D 
parametric model of the supercharger rotors through integration with commercial CAD 
software. The original 3D-CAD module with built-in design features will be used as 
simulation system which allows an adaptive model-based intelligent design of helical rotor 
profiles and rotor model validation. It is both a design visualisation and model validation tool. 
As simulation system it is used in investigating the relationships and effects of different rotor 
profiles on supercharger performance for a particular engine system. 
 
ented in this Chapter of the thesis was to create an automated 
ulation tool provided with object oriented capabilities based on SolidWorks 
 
The focus of research pres
design and sim
functionality, using software reusability techniques, due to the versatility of the commercial 
software SolidWorks. Within the CAD module however, a custom program needs to be 
defined by the user or by a third party software developer, in order to supply it with 
intelligent effects upon a SolidWorks model. Thus, there is a choice of either direct or 
indirect access to the objects exposed in the SolidWorks Application Programming Interface 
(API), or to the general set of functions for application-level operations in the active 
SolidWorks document. 
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The CAD module for design of supercharger rotors has been developed using a new desi
technique. Rather than creating extended libraries of existing rotor profiles or storing large 
collections of profile curves in CAD data bases, this CAD module is based on the three-
dimensional parametric model of twin-screw supercharger rotors. This allows the integration 
of this method into commercial CAD software for visualization and design analysis through 
selection of a wider range of geometric curves, rapid testing of curve combinations and 
updating a current design model, in order to integrate clearances in key points of the
The design of this CAD module was motivated by the need for developing an effective, 
inexpensive, flexible yet specialised CA
gn 
 model.  
 
D tool to work with SolidWorks and to interface with 
other commercial software for design analysis and simulation. The algorithm used with this 
 with 
 before their transfer to 
more specialised simulation software.  
 
ntly, th  operation of t with Microsoft 
s operating system can be seen as a 
eng e and rary, o ations via a common object-oriented 
anguages to interoperate with one 
r design of supercharger rotors adaptable 
d resources.  
CAD module allows changes of the rotor geometry to quantify and accommodate both inter-
lobe clearance and clearance along the rotor sealing line. The design models developed
this CAD module may be exported to advanced software, via an appropriate interface, for 
simulation of flow and leakage analysis. Test models of rotors with symmetric and 
asymmetric profiles, designed with this CAD module must be validated by comparison with 
physical models or design data available from similar applications,
Curre e he CAD module is based on applications designed 
technology for Windows platform, where Window
runtime in lib ffering services to applic
programming model, and allowing different programming l
another. This makes the specialised CAD module fo
and extendable to various CAD user requirements an
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4.2   List of symbols 
HPi    indicated power      
d    discharge air volume 
internal leakage volume 
V     theoretical air volume 
W     adiabatic head 
W    mechanical loss 
W    windage loss 
η    total adiabatic efficiency 
η     volumetric efficiency 
 
they can be better enhanced by the use of this specialised CAD design tool. This method of 
 the 
rotor model export to more specialised analysis through an appropriate interface and could 
have a significant input in manufacturing.  
 
By the implementation of this specialised CAD module, the twin-screw supercharger rotor 
design practice will relate better to current issues in the automotive industry as part of an 
engineering solution expected to make this supercharger type particularly efficient.  
 
V
Vint         
th
ad
m/l
w/l
total
v
4.3   Introduction 
This Chapter will discuss details of the twin-screw supercharger design and in particular how 
the relationships of different rotor profiles influence the supercharger performance and how 
CAD design for supercharger rotor profiles developed is adaptive, model-based, allows
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4.4   System approach to twin-screw supercharger rotor design  
4.4.1   A high performance twin-screw compressor for automotive use  
The twin-screw supercharger has been developed from the Lysholm industrial compressor in 
order to achieve high compression ratios and volumetric efficiency at low engine speed, 
the working cavity varies periodically from zero to its maximum and back to zero through 
revolving of the rotors. Following this periodic variation the supercharger completes a cycle 
speed. The development of a high performance compressor for automotive use requires 
control of the helical rotor profiles to ma ypes of engines.  
 
4.4.2    System approach to design of supercharger rotors 
ys
pon rotor geometry. 
The dependence of Lysholm type supercharger performance upon the rotor parameters is 
s 
detailed in [15] as function of discharge air volume (Vd) and theoretical air volume (Vth) or 
 
                              (4.1) 
 
compact installation and good response. It is a positive displacement compressor with the 
working cavity enclosed by the housing and the helical surfaces of the rotors. The volume of 
of suction, compression and discharge with characteristics related to rotor profiles and rotors 
tch efficiently various t
Motor engines equipped with high response superchargers have been introduced to the 
market with L holm type compressors. The performance of a Lysholm type supercharger in 
terms of volumetric efficiency and total adiabatic efficiency depends u
suggested by the relationships for the volumetric efficiency (η v), expressed in equation
the internal leakage volume (Vint) and Vth: 
ηv = Vd   / Vth = 1 - Vint  / Vth                                                         
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As discussed in [15], a similar relationship indicates the dependence of the total adiabatic 
efficiency (η total) upon the discharge air volume (Vd), the adiabatic head (Wad), the indicated 
power (HPi), the mechanical loss (Wm/l) and the windage loss (Ww/l): 
η
 
 
ith 
 
th the 
 the increase of 
tors, 
 
intain the discharge air ratio, 
vour small sizes for the rotors and therefore the rotor lobe combination becomes an 
cal 
total = Vd x Wad  / (HPi + Wm/l + Ww/l)                                                                      (4.2) 
These equations express relevant design relationships of Lysholm type supercharger 
rotors such as high pressure ratios and high supercharger efficiency correlated w
the rotors geometric parameters, clearances and leakage  
The internal leakage in a twin-screw supercharger occurs through the pressure differential
between adjacent rotors lobe spaces and through four characteristic clearance areas: contact 
line, rotor tips, blow holes, compression start blow hole; therefore it is proportional wi
rotors sealing line length and is dependent on geometric parameters, including rotor profiles, 
rotor length and rotor helix angle. Typically, by reducing the internal leakage,
the supercharger volumetric efficiency occurs, leading to an increase of total adiabatic 
efficiency. At the same time, the theoretical air volume depends on the volume defined 
between the conjugated cavities of the rotors, varies with the size and geometry of the ro
and with the supercharger speed. For the automotive mechanical supercharger which is driven
by the engine, the engine restricted space and the need to ma
fa
important factor for the air volume supplied and for rotor speed. Specific for each functional 
cycle of the twin-screw superchargers is the generation of joined compression-discharge 
cavities and the change of pressure linked structurally through a relationship with the heli
rotors rotation angle per cycle (the rotor wrap angle). Wrap angles induce increase or 
decrease of sealing line length and is important for the inter-lobe leakage passage and the tip 
leakage passage (leakage between top of lobes and housing; see Figure 6.2 ) 
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However sizes of the wrap angle above a specific range may cause decrease of the theoretic
air volume due to compression beginning before the suction was completed. As a result of 
these dependencies, adequate clearances must be designed in correlation with the rotor 
contact line length, the clearance volume and the related geometric parameters of the roto
in order to ensure pre-defined compression characteristics.  
 
The system approach presented represents the background for design of supercharge
with the specialized CAD tool, which makes the design of supercharger rotor profil
based, adaptive, reliable and easy to use in manufacturing. The details of the twin-screw 
supercharger design, and in particular the design relationships and effects of different ro
profiles on supercharger performance need to be accurate, flexible to design data changes an
to interface well with commercial software for design analysis and simulation. Currently, 
SolidWorks offers the best mixture of standard attributes attached to the CAD models and 
integrated engineeri
al 
rs, 
r rotors 
es model-
tor 
d 
ng analysis tools. The particular requirement of the supercharger rotor 
models to be accurate and based on calculation data can be achieved at low computational 
cost by the addition of a flexible design tool. This tool can add on specialized features to 
SolidWorks models based on the accurate 3D mathematical model of the supercharger rotors, 
practically at no extra cost. If the specialized  is a custom program supplied 
by the user of by a third party software developer in agreement with copy right and 
ownership laws, the most effective way to obtain extra specialized features for the 
SolidWorks rotor models is by macro features. They are added to a SolidWorks model as 
application-defined features. Their effects on dWorks models is defined by the 
custom program, which can come with the desired rotor profile details provided by the 3D 
mathematical model of the supercharger roto . The technique used to specify the macro 
features behaviour is by association with functions exposed by a COM server (Figure 4.1) or 
within macro files. 
 CAD design tool
 the Soli
rs
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4.4.3   Design correlation of parameters for high performance supercharger rotor
The volume and efficiency of the air flow through the supercharger depend on the geometr
parameters of the rotors, the profile and size of the inlet and outlet ports and on the 
occurrence of leakage. Rotor profiles pack the compression cavities to ensure adequat
pressure between the cavities, thus the convex profile is essential on the trailing fla
rotor lobes, and similarly a concave profile is required on the trailing side of the mating rotor 
grooves. The rotor profiles are by design correlated with other rotor parameters for mes
with adequate clearance along the sealing lines. On an individual rotor, the sealing line len
is defined by the rotor geometric parameters such as diameters and length, helix angles, lobe 
profiles etc. Variation of the sealing line length in correlation with the sealing line leakage 
clearance inf
s 
ic 
e 
nk of the 
hing 
gth 
luences the internal leakage and the leakage between the rotors periphery and the 
ousing. Leakage analysis in twin-screw superchargers ([15], [16], [20]) has indicated that 
ry of 
erformance. For example, when the leakage occurs through paths between the suction room 
nd the rotor cavity which momentarily is still connected to suction room, it has direct 
fluence on the supercharger volumetric efficiency; while the leakage from an enclosed 
avity to the next enclosed cavity has no direct influence on the volumetric efficiency. With 
erformance of the supercharger dependent upon clearance sealing, the leakage reduction is 
portant.  
he design correlation of high performance parameters of supercharger rotors is achieved by 
e specialised CAD module at any design level through a range of objects exposed as 
rogrammable entities in the CAD module ((Figure 4.2).By creating and distributing objects,  
h
the clearance between the rotors and between the rotors and casing occurs through typical 
leakage paths, and that the pattern of these leakage paths depends on the profile geomet
the mating rotors. Leakage through all the leakage paths influences the supercharger 
performance, although each leakage path has a distinct contribution to the overall 
p
a
in
c
p
im
 
T
th
p
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this CAD module exploits one of the most powerful features of the software reusability. 
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4.5   Architecture of the CAD module for supercharger rotor design 
e user 
which 
 applications with macros or control them 
om within other applications. SolidWorks models can be manipulated from within any 
application of the Windows platform that has COM server behaviour in relation with 
SolidWorks, which remains the client application. With the SolidWorks Application 
Programming Interface (API) or with a COM server (Figure 4.3) selected from the Windows 
platform, the target is the access to SolidWorks functionality through objects behaving as 
programmable entities exposed by SolidWorks. Technically, by following the object oriented 
design techniques in the CAD module architecture, it is possible to build SolidWorks models 
with design specification properties based on the 3D mathematical model. An issue that 
cannot be overlooked is that of the ownership and licensing implications of reused third-party 
software or distribution to a third party of add-ins created in the CAD module through the 
SolidWorks user interface (Figure 4.3).  
The CAD module for design of supercharger rotor profiles was created to enhance the 
accuracy of rotor profile models generated in SolidWorks. This was achieved by using 
application-defined macro features, added to a SolidWorks model. The effects of macro 
features on a SolidWorks model were pre-defined by custom programs, supplied by th
or by a third party software developer in order to completely define the design details 
need to be added to the SolidWorks model. In particular, for the twin-screw supercharger 
design, important details are provided by the 3D mathematical model of the rotors. Macro 
features use either one of two techniques to specify their intended behaviour: by association 
with functions contained within a SolidWorks macro file, or exposed by a COM server.  
 
4.5.1   CAD module architecture 
The CAD module was created as a set of object programming techniques with the aim to 
either automate the functionality of SolidWorks
fr
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4.3Figure : Architecture of the CAD module for design of supercharger rotors 
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Concluding Remarks 
The operation of the CAD module based on the new 3D parametric model of the supercharger 
conjugated rotors, and the integration of this method with commercial CAD software, allows 
visualization of the supercharger rotor models. It also allows preliminary design analysis or 
data export to specialised analysis software. This can be achieved without demanding the 
CAD user to attach data to each component needed for computation, provided appropriate 
data interchange standards have been adopted (as in Figure 4.4).  
 
 
 
 
     
 4.4igure :  CAD module adaptability to design data interF changes  
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Currently, the operation of the CAD module is based on applications designed with Microsoft 
technology for Windows platform. Windows operating system can be seen as a runtime 
engine and library offering services to applications via a common object-oriented 
programming model. This Windows strategy allows different programming languages to 
interoperate with one another. This makes the CAD module for design of supercharger rotors 
adaptable and extendable to various CAD user requirements and resources as shown in 
Figure 4.4.  
4.6   CAD module applications and discussion 
The operation of the CAD module based on the 3D parametric model of supercharger rotors 
described in Chapter 3 and the integration of this method with commercial CAD software, 
allows the optimisation of the rotor profile generation through: the selection of a wider range 
of geometric and composite curves for the generating profile and the update of the generated 
rotor profile as a function of the same parameters. Further profile optimization is achieved in 
the CAD module which operates as a customised simulation system and allows the simulation 
of rotor meshing through a virtual CAD-based trial and error process. The process is repeated 
until the optimum design solution is obtained. The CAD module is thus capable to perform 
design analysis that enables rotor designs to reach a set of pre-selected criteria. It enables:  
? the evaluation of conjugated rotor profiles designed with the 3D mathematical model 
such as the preliminary rotor profiles visualised in Figure 4.5 with MATLAB from a physical 
model of the type shown in Figure 4.6;  
? the generation of conjugated rotor profiles from the mathematical model (such as the 
symmetric  rotor profiles represented in Figure 4.7, and the asymmetric rotor profiles shown 
in Figure 4.8 and in Figure 4.9.  
? the design of symmetric and asymmetric rotor profiles (Figure 4.10 and Figure 4.11) 
from the same input data (Table 4.1). 
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4.5igure : Preliminary 2D symmetric rotor profile design with MATLAB for assF essment  
               
 and analysis of rotor profile geometry of physical models of types showed in Figure 4.6;  
 
 
 
 
  
4.6ure : Physical model of twin-screw   Fig 4.7Figure : Solid model of twin-screw  
              supercharger symmetric rotors                        supercharger symmetric rotors         
                                                                                
 
                                                                    
 90
                  
 
   
4.8Figure : Rotor profiles A for asymmetric rotors, designed in the CAD module and 
                    SolidWorks are used as design base to generate rotor models of type B  
              
           
 
 
                        
  
   
 
4.9igure :  Rotor profiles A for asymmetric rotors, designed in the CAD moF dule and 
                     SolidWorks are used as design base to generate rotor models of type B  
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4.10igure : Twin-screw supercharger rotor design of type A with symmF etric rotor 
                       profiles and of type B with asymmetric rotor profiles   
                              
 
 
 
Table 4.1: Dimensional parameters of two sets of twin-screw supercharger rotors: 
               with symmetric profiles of type A, and with asymmetric profiles of type B  
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DESIGN A:  SYMMETRIC ROTOR PROFILE    &    DESIGN B:  ASYMMETRIC ROTOR PROFILE   
 
INPUT DATA: CENTRE  DISTANCE    65 mm;  TRANSMISSION RATIO    3 / 5;  ROTOR LENGTH   175 mm 
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For direct dimensional comparison of twin-screw supercharger designs with symmetric and 
asymmetric rotor profiles (design type A and design type B represented in Figure 4.10), the 
input numerical data are shown in Table 4.1. The numerical results shown in Table 4.1 were 
obtained in the CAD module, using a rotor profile construction algorithm. The computer code 
based on this algorithm was designed with software reusability techniques and is part of the 
CAD module for intelligent design of twin-screw supercharger rotors.  
 
To compare the performance of various rotor profile designs, twin-screw supercharger 
performance parameters such as volumetric efficiency must be assessed. This is achieved 
through design analysis of individual rotor sets, based on pre-defined performance criteria. 
For selection of optimal designs, it is essential to define a set of strategies for rotor design 
optimisation. This topic is considered in Chapter 8 of the thesis.  
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5 DYNAMIC SIMILARITY ANALYSIS OF TWIN-
SCREW SUPERCHARGER MODELS  
5.1   Chapter summary 
Dynamic similarity and dimensional analysis are powerful tools appropriate for many general 
design applications, but they have not been used to their full potential in the design of twin-
screw supercharger. This Chapter discusses similarity principles suitable for deriving twin-
screw supercharger design data from similar applications. The approach adopted is based on 
comparison of different twin-screw supercharger models followed by data correction. Design 
restrictions were related to:  
? space limitations and preference for size reduction common in automotive applications; 
accuracy criteria for supercharger rotor geometry;  
? design parameter correlation with flow and leakage patterns, mechanical losses;  
? vibrations and noise; 
? matching the supercharger to engines with particular characteristics such as thermal and 
volumetric efficiency.  
 
Similarity principles presented in this Chapter cannot provide final solutions to twin-screw 
supercharger design. For twin-screw supercharger design the integration of performance data 
with design data are better alternatives enhanced by advanced modelling and computational 
techniques. In this context, an important research task was to select the design method from 
consideration of aspects like: 
? the significant effort required to develop a three-dimensional model of the twin-screw 
supercharger rotors;  
? the cost and difficulty of performing model validation;  
? the resources required to design and complete experimental tests;  
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? selection of variable relationships to guide twin-screw supercharger model studies; 
? techniques for application of results from model studies to construction of prototypes 
relevant for a particular flow type.  
For a number of reasons related to twin-screw supercharger geometry and to its correlation 
to the supercharger working process, it is cost prohibitive to provide a variety of prototypes 
for experiments. In these cases, the use of dimensional analysis techniques for designing 
customized experimental tests may reduce the number and cost of experiments. The 
following Chapters of this thesis will present advanced modelling and simulation techniques 
which, when combined with the experimentally validated computational methods, will prove 
to be a set of powerful design tools specifically formulated for twin-screw supercharger rotor 
design. The required computer resources are an important factor when deciding on a 
particular design direction, due to the wide range of possible combinations. 
 
5.2   List of symbols 
F1     area of transverse cross section of the supercharger driving rotor 
F2     area of transverse cross section of the supercharger driven rotor 
L     length of the helical part of the supercharger rotors 
z1     number of lobes of the supercharger driving rotor 
n1     rotational speed of the supercharger driving rotor 
ηn     functional efficiency 
V0     theoretical air volume 
VD                                        discharge air volume 
pD                                         air pressure at supercharger discharge port 
pS                                          air pressure at supercharger suction port 
TD                                         temperature at supercharger discharge port 
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TS                                          temperature at supercharger discharge port 
U1                                         tangential speed at driving rotor tip 
V                                           functional air volume 
 
5.3   Introduction 
The modelling of the twin-screw supercharger rotors is complex and requires a multi 
disciplinary approach and model validation through well designed experimental testing. 
A major difficulty experienced while conducting the research was the provision of 
supercharger prototype models for validation. Various aspects in relation to this concern were 
considered including: 
? the significant efforts required to develop a 3D mathematical model;  
? the cost and difficulty of performing validation of a 3D mathematical model;  
? the resources required to design and complete experimental testing to assess a model; 
?  selection of techniques for application of model study results to prototype testing.  
 
Because of the geometric complexity and the particular working process requirements of the 
twin-screw supercharger it was determined that the expense of providing a variety of 
prototypes for experiments was cost prohibitive. Although the three-dimensional (3D) 
mathematical model was selected as the investigation path for research presented in this 
thesis; however, the use of similarity and dimensional analysis techniques in design of 
specialised testing procedures for model validation can minimize the number of selected 
experiments within a reasonable cost range. 
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5.4   Similarity and dimensional analysis for rotor model design 
  
The computational tool developed allows for simulation and assessment of a broad range of 
potential rotor designs, in order to identify the optimum combination of design parameters. 
that vary in accuracy and complexity with particular designs that can be subjected to 
simulations and compared, in order to identify the best combination of features. Currently, 
test data for twin-screw superchargers is scarce. This is attributed either to the prohibitive 
costs of manufacturing and testing prototypes, or to the lack of access to specialised 
supercharger design information. Techniques for the extraction of design data from similarity 
relationships and dimensional analysis were used in the research presented in this thesis, over 
a range of similar application samples from advanced aerodynamics and reverse-engineering 
practice. The techniques were effective when product data were incomplete or incorrect, and 
when experimental model data available in literature were sourced from similar applications, 
but in unspecified conditions. In all cases, by using similarity relationships, adjusted features 
ready to be implemented in current designs were obtained, provided they incorporated known 
and acceptable approximations and errors. Therefore, models of twin-screw supercharger 
rotors obtained with similarity techniques or dimensional analysis require validation based on 
well defined design criteria. Narrower ranges of design variables were obtained using 
dimensional homogeneity techniques by collapsing multiple-variable expressions into 
expressions with a reduced number of compound non-dimensional variables. These are easier 
to handle with three similarity methods as follows: 
? Dimensional analysis, as used in this thesis, makes characteristics of similar applications 
suitable for re-use in supercharger modelling and design through dimensional modelling.  
Data from simulations of scaled models based on features from similar applications suitable 
for supercharger component design and modelling are projected on the full-scale prototype. 
As a result of assuming various degrees of approximation for data available from partially 
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unknown test conditions, and due to the adjustments and corrections that had to be done, the 
design relationships of superchargers resulting through this method must be validated. 
Separation of variables and related dimensional analysis techniques are used for obtaining 
relevant expressions with a reduced number of system-independent dimensionless variables.  
? Geometric similarity was used to extract twin-screw supercharger design data from a 
multitude of data available from twin-screw compressors of batch or serial production that 
display similar geometric features. Serial or batch industrial products, although apparently 
similar are designed for a very specific, distinctively narrow purpose and therefore in order to 
re-direct such data to supercharging applications, data correction is required. Adjustments of 
physical similarity relationships based on geometric similarity properties of twin-screw 
supercharger rotors were easier to work with when represented in graphical form. Two-
dimensional graphs for use in twin-screw supercharger rotor design were extracted (see 
paragraph 5.4.2 of this thesis) from twin-screw compressor rotor manufacturing and testing 
data available in literature the ([8], [4]).  
? Dynamic similarity is used in research presented in Chapter 7 of this thesis to calculate 
characteristics of flow in a twin-screw supercharger by converting experimental test data of 
dynamically similar flows to the full-scale supercharger prototype. The test concepts and 
procedures presented are specially designed for twin-screw superchargers with techniques 
adapted from aerodynamics and turbomachinery experimental flow testing ([3], [4]). In 
paragraph 5.4.3 of the thesis are tabulated physical quantities and results of dynamic 
similarity calculations, solved by Reynolds number, for the full-scale version of the of twin-
screw supercharger model tested. 
 
Provided the compression process and its influencing factors are scaled to fit the twin-screw 
supercharger design data range, all three similarity methods provide valid information for 
design of twin-screw supercharger full-scale models.  
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5.4.1   Dimensional analysis method for reduction of similarity relationships 
The performance of the twin-screw compressor with design adapted for automotive use (the 
twin-screw supercharger) depends on the volume and total losses of the air flow through the 
supercharger rotors; therefore to accurately predict efficiency of this supercharger type, flow 
calculations must use confirmed (validated) experimental data. Such data for the twin-screw 
supercharger are scarce. However data available in literature ([12], [10] and [8]) from 
industrial and experimental studies for twin-screw compressors show the influence of the 
supercharger characteristics on the construction of the supercharger models. Such data 
properly scaled are used with dimensional analysis for extracting a general formula in order 
to be used in calculation of supercharger efficiency. As a result, supercharger efficiency 
calculated for different models can be directly compared.  
Sacun [12] expressed the twin-screw compressor efficiency in one explicit mathematical 
formulation. This is based on the twin-screw compressor functional relationships expressed 
by multiple-variable equations mixing specific parameters with gas dynamics and 
experimental data. For the purpose of separation of variables to be used with twin-screw 
supercharger in this research the functional efficiency nη  is expressed with the discharge air 
volume VD, the theoretical air volume V0 and a number of independent variables on which 
depends the functional efficiency, as shown in the following generic relationship: 
0
n D SV p T⋅ ⋅=                                                                                                      n V p Tη ⋅ ⋅               (5.1) 
where 
S D
Dp and Sp represent the air pressure [N / m
2] at discharge respectively suction port; 
ST  and DT  discharge port;   represent the air temperature [° C] at suction respectively
DV  represents the discharge air volume [m /min]; 
3
0V  represents the theoretical air volume [m
3/min]. 
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The theoretical volume 0V  from equation (5.1) is associated with the efficiency of an ideal 
compressor that is expressed by [12] as following: 
 0V = 1 2 1 1                                                                                                      (5.2) ( )F F L z n+ ⋅ ⋅ ⋅
where 1 represents the transverse cross-section area [mF
2] of the driving rotor;  
2F represents the transverse cross-section area [m
2] of the driven rotor; 
L represents the rotor length [m]; 
z1 represents the number of the driving rotor lobes; 
n1 represents the rotational speed [rot/min]of the supercharger driving rotor. 
 
A simpler formulation of the equation (5.1) was obtained through the introduction of 
dimensionless parameters defined as following: 
 
D
p
S
k
p
   (5.3) 
p= ;                                                                                                                           
S
T
D
Tk =                                                                                                                                (5.4) 
T
 model p TK k k= ⋅                                                                                                                    (5.5) 
 
where  pk and Tk are dimensionless factors and  modelK  is a model constant that was 
roduced through the equation (5.5) in order to separate the combined effect ofint s  pk and 
Tk from the factors  directly influencing the theoretical volumetric efficiency 0η . 
The expression for the functional efficiency defined in the generic equation (5.1) is now 
duced to: 
 
re
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mod
0
n
n el
VK
V
η = ⋅                                                                                                                   (5.6) 
  
The equation (5.6) of the supercharger functional efficiency is expressed as follows: 
 
mod 0n elKη η= ⋅                                                                                                                     (5.7) 
  
The equation (5.7) is further reduced by separation of the factors directly dependent on the 
supercharger thermodynamic system, which is external to the scope of this thesis. These 
factors are modelK and nη . It follows that the only remaining variable shown in the equation
(5.7) which is of interest for the rotor geometric design is 
 
0η .  
 
In order to monitor more accurately the variation of the air losses relative to the supercharger 
theoretical volume, it is necessary to introduce the definition of the volumetric efficiency 0η , 
as follows: 
 
0
0
0 0
nV V V
V V
η −= = LK                                                                                                              (5.8) 
 
where V 0 is the theoretical air volume [m3] and LKV  [m
3] is the total volume of leakage in th
supercharger. The equation (5.8) is finally reduced to: 
e 
 
0
0
1 LKV
V
η = −                                                                                                                          (5.9) 
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Re-arrangement of the equation (5.9) determines the dependency of the theoretical volumetric 
efficiency 0η  on the theoretical air volume V 0 and the total volume of leakage LKV . Both the 
theoretical air volume V 0 and the total volume of leakage LKV  are variables directly 
dependent on the geometric parameters of the rotors. They are calculated in the specialised 
CAD module by implementation of the 3D parametric mathematical model of the twin-screw 
supercharger rotors. The use of the simplified equation for calculation of the supercharge
theoretical volumetric efficiency is demonstrated in Chapter 8 of 
r 
the thesis. 
                                                           
Thus, by dimensional analysis of a specific supercharger rotor model, related to the geometric 
parameters of the rotors through a compound expression of type (5.1), based on similarity 
principles a number of selected variables are retained into a simplified equation of type (5.9) 
in order to predict the supercharger theoretical volumetric efficiency. As a result, the twin-
screw supercharger theoretical volumetric efficiency is calculated for different rotor models 
allowing for their direct comparison.    
 
5.4.2    Geometric similarity method for twin-screw supercharger rotor design 
Correlations of twin-screw supercharger rotor geometry and flow data available in literature 
from twin-screw compressor and similar applications ([8], [4]) show the influence of the 
driving rotor profile geometry on performance characteristic factors. The 2D diagrams 
represented in Figure 5.1 for different relative contact line lengthλ  of twin-screw 
compressor rotors required correlation of driving rotor profile compression flank aspect ratios 
tan Cβ  and the suction flank aspect ratio tan Sβ  with correction factors for 3:5 rotor de
transmission ratio.  
sign 
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The relative contact line length ratioλ is defined for a model as:  
 
1
;CL
r
λ =                                                                                                                             (5.10)
where C  is the contact line length andL  1r  is the radius of the driving rotor primitive circle.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.1igure : Relative contact line length F λ  of twin-screw compressor rotors as function of  
                      aspect ratio factors tan Cβ  and tan Sβ . (Diagrams constructed with data  
                      available in [12, 10])  
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The 2D diagrams represented in Figure 5.2 for different relative paired-cavity areas Σ  of 
twin-screw compressor rotors required correlation of driving rotor profile compression flank 
aspect ratios tan Cβ  and the suction flank aspect ratio tan Sβ  with correction factors for 3:5 
rotor design transmission ratio. The relative paired-cavity ea ar Σ was defined for a model as: 
2
1
;tS=                                                                                                                               (
r
Σ 5.11)
where t
otors; aspect ratios 
S  represents the paired-cavity area in transversal cross-sectional plane of the 
compressor r tan Cβ  was defined for driving rotor compression flank and 
tan Sβ was defined for driving rotor suction flank relatively to radius  1r . 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
5.2Figure : Relative paired-cavity areas Σ  of twin-screw ressor rotors as function o
riving roto profile compression flank aspect ratio factor 
 comp f 
r d tan Cβ  and suction flank aspect 
ratio factor tan Sβ .(Diagrams constructed with data available in [12, 10]). 
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5.3Figure : Relative paired-cavity volume 3∇ of twin-screw compressor rotors as function 
of driving rotor profile compression flank aspect ratio factor tan Cβ  and suction flank a ect sp
ratio factor tan Sβ . (Diagrams constructed with data available in [12, 10]) 
a
 
The 2D diagr ms represented in Figure 5.3 for different relative paired-cavity volumes 3∇   of
twin-screw compressor rotors required correlation of driving rotor profile compression fla
 
nk 
aspect ratios tan Cβ  and the suction flank aspect ratio tan Sβ  with correction factors for 3:5 
rotor design transmission ratio. The relative paired-cavity volume 3∇  is defined for a model 
as: 
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3
3 3
1
;V∇ =                                                                                                                             (5.12)
r
where 3V  represents the paired-cavity volume of the twin-screw compressor rotors; the aspect 
ratios tan Cβ  is defined for driving rotor compression flank and tan Sβ was defined for the 
driving rotor suction flank relatively to radius 1r . 
 
Similarity relationships to match different transmission ratios apply to all diagrams pr
in Figure 5.1, Figure 5.2 and Figure 5.3. Data extracted by integration of twin-screw 
supercharger rotor design with the 3D mathematical m
esented 
odel and with available scaled 
xperimental data obtained from similarity correlations, can be used in development of full-
n 
ic 
 
ber) 
re the same for flows around geometrically similar components and B) when the flows are 
 
 0.5 is true. This was also found true, even 
e
scale models after prototype testing and validation.  
 
5.4.3    Dynamic similarity method for supercharger experimental testing 
Dimensional homogeneity as part of dimensional analysis is used in research presented i
Chapter 7 to scale experimental test data from the twin-screw supercharger full-scale test 
model to the twin-screw supercharger prototype. According to the principle of dynam
similarity ([3]), the scale of the geometric shape of the twin-screw supercharger components,
such as the supercharger rotors, does not change the flow characteristics in cases of 
dynamically similar flows. Such flows occur when: A) the values of Re (Reynolds num
a
geometrically similar in all respects, and differ only in geometric scale and /or speed.  
 
In experimental applications it was found that flows with Mach number M up to 0.5 are 
considered practically incompressible [3]. As a result, similarity based on identical Reynolds
number for flows with Mach number M up to
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though one of the flows may be compressible, such as air flows, and the other one could be 
considered incompressible, such as oil flow. 
For flows through the experimental twin-screw supercharger full-scale model, in cases wher
the limit of M does not exceed 0.5, Reynolds number is the only crite
e 
rion of dynamic 
imilarity. Relevant numerical results are presented in paragraph 5.5 with experimental test 
data obtained from the LDV measurements presented in Chapter 7.  
 
 
of the flow of air through the TSS full-scale model, having known the rotational 
ull-scale model is geometrically similar to the flow 
m 
he
s
5.5   Similarity flow features in the supercharger test model 
An experimental test was designed using Laser Velocimetry Measurements (LDV) to 
measure the flow speed in mineral oil with all properties known and to standard 
specifications. The scope of the experiment was to determine at specified locations the 
velocity 
speed in air at 20° C, from velocity measurements done for the oil flow through the same 
model.  
The flow of air through the supercharger f
of oil through the same model in all respects, except for the speed that was calculated fro
t  results of the LDV experimental test. 
The effects of compressibility can be disregarded for Mach number less than 0.3 to 0.5: 
. 0.3 0.5≤ ≤M                                                                                                                   (
This is the case for the regions of interest in the flows through the supercharger model.  
5.12) 
 full-scale model are dynamically 
 criterion of d m    
The physical quantities involved in the problem are:  
Length 
The flows through the twin helical-rotor supercharger
similar, and the Reynolds number is the only ynamic si ilarity applicable.
[ ],L m  speed 1 1u Lτ −⎡ ⎤⎣ ⎦ , dynamic viscosity 1 1 1M Lµ τ− −⎡ ⎤⎣ ⎦ , density 1 3 .Kg mρ −⎡ ⎤⎣ ⎦                           
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The basic units involved in the problem in the international SI-system are:  
Length [ ], Mass L m [ ],M Kg and Time [ ].sτ  
These data were structured in the dimension matrix for dynamic similarity problem presented 
 
Table 5.2: Dimension matrix of twin-scre harger dynamic similarity problem 
 
DIMENSION  MATRIX FOR THE DYNAMIC SIMILARITY PROBLEM FULLY SOLVED BY REY  
NUMBER  
in Table 5.2: 
w superc
NOLDS
 
 
 
L  
 
u  
 
µ  
 
ρ  
 
L  
 
1 
 
1 
 
1 -3 
 
 
M  
 
0 
 
0 
 
-1 
 
1 
 
τ  0 -1 1 0 
    
 
It was observed that the rank of the dimension matrix presented in Table 5.2 is 3 and the 
number of variables involved was 4; therefore the number of independent dimensionless 
groups in this problem is 1. This suggested that current problem may be solved through 
dynamic similarity calculations using Reynolds number as the dynamic similarity criterion 
from a functional form:  
. .u LRe ρ µ=                                                                                                                       (5.13) 
here Re is the Reynolds number; w , ,u Lρ and µ are physical quantities of the problem 
The fluid flow speed through the twin-screw supercharger full-scale model was unknown; 
however through the experimental test of Laser Velocimetry Measurements (LDV) the flow 
with the units listed above. 
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speed in mineral oil was found and the corresponding flow speed in air was calculated using 
the functional definition of the Reynolds number given by relation 5.13. 
Data extracted by scaling and dynamic similarity correlations from experimental 
measurements can be used in development of full-scale models after prototype testing and 
validation. Results of dynamic similarity calculations of air flow speed in the full-scale twin-
screw supercharger model are presented in Table 5.3  
 
Table 5.3: Preliminary dynamic similarity calculation results 
 
 
THE RESULTS OF DINAMIC SIMILARITY CALCULATIONS BEFORE MEASUREMENTS OF MINERAL 
OIL FLOW SPEED THROUGH TWIN-SCREW SUPERCHARGER  FULL -SCALE MODEL 
 
FLOW 
CHARACTERISTICS 
 
SYMB
OL 
 
UNITS 
 
AIR 
 
 
 
MINERAL 
OIL 
 
 
DYNAMIC VISCOSITY AT  
20 ° C 
 
µ  
 
Kg
m s
⎡ ⎤⎢ ⎥⋅⎣ ⎦  
 
 51.8134 10−⋅  
 
 51778 10−⋅  
 
DENSITY AT 20 ° C 
 
ρ  
 
3
Kg
m
⎡ ⎤⎢ ⎥⎣ ⎦  
 
      1.181 
 
        889  
 
CHARACTERISTIC 
LENGTH 
 
L  
 
[ ]m  
 
     0.146  
 
    0.146  
 
REYNOLDS NUMBER AT  
20 ° C 
 
Re  
 
non-
dimensional 
 
   510.1991 10⋅  
 
510.1991 10⋅  
 
ROTATIONAL SPEED 
 
n  
 
[ ]RPM  
 
4000  
 
5  
 
SPEED 
 
v  
 
m
 
 
airv  
    (to calculate)  
 
 
 
     ⊗   
   (to measure) 
 
s
⎡ ⎤⎢ ⎥⎣ ⎦  
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The results of dynamic similarity calculations for test fluid flow speed through the full-scale 
twin-screw supercharger model are presented in Table 5.4.  
 
Table 5.4: Dynamic similarity calculation results for air flow in twin-screw 
supercharger full-scale model based on mineral oil velocity measurements 
 
 
THE RESULTS OF DINAMIC SIMILARITY CALCULATIONS FOR AIR  FLOW WITH  THE FULL -
SCALE MODEL BASED ON MEASURED MINERAL OIL SPEED 
 
FLOW 
CHARACTERISTICS  S
Y
M
B
O
L
  
 
 UNITS 
 
 
      AIR 
 
 
MINERAL OIL 
 
    DYNAMIC VISCOSITY AT  20 ° C 
 
µ  
 
Kg
m s
⎡ ⎤⎢ ⎥⋅
 
51.8134 10−⋅  
 
51778
⎣ ⎦  
10−⋅  
 
   DENSITY AT 20 ° C 
 
ρ  
 
3
Kg
m
⎡ ⎤⎢ ⎥⎣ ⎦  
 
1.181 
 
889  
 
     C ARACTERISTIC LENGTH 
 
H L  
 
[ ]m  
 
0.146  
 
0.146  
 
     REYNOLDS NUMBER IN OIL  
     AT  20 ° C 
 
Re
 dimensional 
  
non- 8750  
 
8750  
 
 
      ROTATIONAL SPEED 
 
 
n  
 
[ ]RPM  
 
4000  
 
5  
 
 
SPEED 
 
 
v  
 
m
s
⎡ ⎤⎢ ⎥⎣ ⎦  
 
 
76.770  
 
 
0.024  
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5.6   Scaling results from full-scale test models to the prototype 
 
After development of dynamic similarity relationships based on Reynolds number criterion, 
oil velocity measurements obtained from the LDV experimental test for flow through the 
supercharger full-scale model at 5 RPM rotational speed of the driving rotor was used to 
predict the associated velocity on the twin-screw supercharger prototype running with air.  
Results as such were presented in Table 5.4. There is no scale difference between the 
supercharger full-scale test model and the supercharger prototype therefore in this case the 
results do not require scaling corrections. 
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6 IDENTIFICATION OF FLOW AND LEAKAGE 
CHARACTERISTICS IN TWIN-SCREW 
SUPERCHARGER 
6.1   Chapter summary 
 
Identification of flow characteristics in the supercharger is based on the conservation laws of 
fluid mechanics applied to an empirical flow model that defines the time dependency of the 
supercharger system boundaries and its influence on the flow and leakage. For visualisation 
of leakage clearance in a twin-screw supercharger, typical leakage paths have been mapped. 
A simplified model of one-dimensional twin-screw supercharger leakage flow is shown in 
Figure 6.1. Figure 6.2 represents typical leakage paths and Figure 6.3 shows the grid of 
leakage paths associated with one set of paired-cavities. Leakage paths through a set of rotor 
cavities (Figure 6.1) are determined on the simplified one-dimensional flow model by 
connecting the cavities with each other and with the suction window. The map of leakage 
clearance paths in a twin-screw supercharger (Figure 6.2) shows leakage dependence on the 
supercharger rotor geometry along different leakage paths. Clearance paths in the overlapping 
cavity are identified by the method of characteristic lines diagram based on evaluation of the 
meshing line of the rotors as shown in Figure 6.4. Equations of individual sealing line 
components will be written as functions of the driving rotor instantaneous rotation angle. The 
3D mathematical model of the supercharger rotors, presented in Chapter 3, was adapted for 
simulation of clearance and leakage through the overlapping area of twin-screw supercharger 
rotors. An algorithm for mapping and visualisation of leakage clearance between rotor flanks 
in the overlapping cavity of the set of conjugated rotors was obtained. Computation of losses 
through leakage in the twin-screw supercharger overlapping cavity based on Reynolds 
transport theorem [Appendix A], the clearance and leakage simulation and the algorithm for 
mapping leakage clearance were included in the specialised CAD module (Chapter 4).  
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In this Chapter is presented an original grapho-analytical method for identification, modelling 
and visualisation of characteristic clearance paths in the overlapping area of twin-screw 
supercharger rotors. It is shown that clearance paths in the overlapping area of the rotors have 
specific patterns depending on geometric parameters of rotors. As a result, this method will 
be used as criterion for direct comparison of different supercharger rotor profiles, and will be 
adapted for evaluation of volumetric efficiency in twin-screw superchargers. The design 
method of characteristic lines described in this Chapter, and the computation algorithm for 
evaluation of volumetric efficiency, are included in the specialised CAD module for design of 
twin-screw supercharger rotors.  
 
An experimental method for the evaluation of leakage clearance in the overlapping cavity of 
twin-screw compressor was suggested in [6] based on point-by-point clearance measurements 
of rotor samples represented graphically as 2D iso-clearance diagrams in a computer 
program. The method of characteristic lines introduced in this Chapter is a design method 
based on three-dimensional simulation of leakage along sealing lines of twin-screw 
supercharger rotors, and will be used for computation and control of leakage in the 
overlapping cavity of the twin-screw supercharger rotors and for comparison of different 
rotor profile designs. 
 
6.2   List of symbols 
 
A       area of flow or heat transfer  
c        specific heat  
C        empirical coefficient for flow and friction 
D        rotor diameter 
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H        enthalpy  
h        specific enthalpy  
i          integer, designating one of six leakage flow paths 
m         mass 
p          absolute pressure  
P          power  
t          temperature  
U        internal energy  
v         specific volume  
V        compression cavity volume  
W       fluid flow velocity at minimum area  
ω1                  rotational speed of male rotor 
z        number of lobes on male rotor 
α        heat transfer coefficient  
η        efficiency 
π        3.1412 
ρ           density  
 
6.3   Introduction 
 
Twin-screw supercharger performance depends on the volume and losses of air flow through 
the rotors more than on any other thermo-fluid aspects of the supercharger behaviour. 
Therefore to accurately predict the efficiency and estimate performance in twin-screw 
supercharger for a particular engine, accurate flow calculation is required. Investigation of 
relationships between flow and performance in twin-screw supercharger is based on the 
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parametric model of the supercharger rotors. Thus it is possible to relate the rotor profile 
geometry to different rotor designs required by particular performance criteria such as size, 
compression ratio, internal leakage and volumetric efficiency. Leakage analysis and loss 
correlations in twin-screw superchargers represent an essential stage of the supercharger 
design process.  Typical leakage paths are generated during meshing of rotors, their shape 
and size are influenced by rotor profile geometry in relation to the geometry of components 
such as housing, inlet and outlet ports and to the supercharger system of functional 
clearances. Leakage clearances are defined by the supercharger geometric design while 
leakage is influenced by leakage clearance and by aerodynamic and thermodynamic factors. 
Therefore leakage prediction in twin-screw supercharger requires an accurate mathematical 
model of the supercharger, the supercharger working process model and a set of well defined 
gas dynamics and test validation criteria.  
 
Currently there is a need for a flexible design method which may assess and select 
preliminary design features based on rotor profile models integrated with flow data. This 
combination is expensive to achieve, limited and often prohibited by the commercial pressure 
to produce components of the highest possible quality in the shortest time and at reduced 
costs. Rotor profile design methods based on comparison of CAD-CFD models with 
experimental data provide significant details for assessment and selection of design features. 
CAD-CFD models can be obtained by using different numerical models created from the 
exact three-dimensional mathematical model of the supercharger; the experimental data can 
be acquired by accurate experimental measurements. Currently, there are prohibiting factors 
in the use of CFD analysis as applied directly to the twin-screw supercharger design. It must 
be noted that the primary factor is that the method of CFD analysis has not been developed to 
a level permitting the confident design from the CFD results only, primarilly due to the high 
velocity of rotor operation 
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In addition, the integration of velocity fields in CFD models with overall performance 
parameters such as mass flow rates, velocity distribution profiles and leakage can not be 
verified from CFD simulation results, as the experimental rotors were not transparent and 
hence did not allow for visualisation of rotor profiles. Fundamental CFD modelling has been 
used mainly to explain different practical observations and for trend analysis.  
 
At the present time, evaluation of supercharger rotor designs or of rotor scaled models based 
on dynamic similarity principles cannot rely on CFD simulation results for validation.  
As a result, future research will be undertaken for calibration of the CFD simulation data with 
experimental test results and this will be an extension of the research contained in this thesis. 
 
Details of the twin-screw supercharger design relationships, their effects on the identification 
of leakage paths and on evaluation of leakage in the twin-screw supercharger will be 
discussed in this Chapter. Correlation of supercharger geometry with the clearance system is 
used to map typical leakage paths for twin-screw superchargers. Leakage through 
overlapping area of the supercharger rotors is accurately predicted with a simulation model 
derived from the 3D mathematical model of supercharger rotors presented in Chapter 3 of 
this thesis.  
 
6.4   Identification of flow characteristics in twin-screw supercharger 
 
Identification, mapping and control of leakage in twin-screw supercharger rotors during a 
functional cycle between the suction and discharge is essential for flow calculation. In the 
twin-screw supercharger thermo-fluid system the conservation laws of fluid mechanics 
apply. The air flow through the supercharger is fully described by the mass averaged 
continuity, momentum and energy conservation equations. Equations are expressed for the 
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cavity control volume in a thermodynamic model of the three-stage basic working cycle 
consisting of suction, compression and discharge. Strictly speaking the conservation laws in 
integral form are valid for closed systems with well-defined boundaries where the mass does 
not cross the system boundary. In a twin-screw supercharger there are two particular 
differences to the general case: the system boundaries are moving and the mass flow crosses 
continually the system boundary, therefore the system is not closed and some corrections 
apply. For an arbitrary flow field the volume integral of an arbitrary field quantity (X
obtained by deriving Reynolds transport theorem. The flow field quantity 
, )f t is 
( , )f tX may be 
first or second order tensor valued function such as mass, velocity vector or stress tensor. The 
time dependent volume is considered connected to a given time dependent surface. It moves 
through the flow field where it may experience dilatation, compression or deformation. It is 
assumed to contain the same particles of fluid at any time and the material change of the 
quantity F(t) can be expressed as: 
 
( )
( ) ( , )F t D
V t
D f t dv= X                                                                 
Dt Dt ∫                             (6.4.1)  
erted to display in one of its terms a surface integral by applying Gauss’ 
ivergence theorem: 
 
 
It can be further conv
d
( ) ( )
( ( , ) ) ( , )
V t S t
f t dv f t dS∇⋅ = ⋅∫ ∫X V X V n                                                                        (6.4.2) 
 
where V  represents the flux velocity and n   represents the unit vector normal to the surface. 
he final equation (Reynolds transport theorem) is: 
 
T
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( ) ( )( )V t S t
( ) ( , ) ( , )F tD f t dv f t∂= + ⋅∫ ∫X X V ndS∂                                                           (6.4.3) 
In thi t vol
Dt t
s form, the equation is valid for any system boundary with time dependen ume 
( )V t and surface ( )S t at any time. The dependence of time includes the moment 0t t= , when 
the volume CV V=  becomes control volume and the surface CS S= becomes control surface  
assuming fixed values. The time dependence of volume ( )V t  and surface ( )S t  at any time is 
accurately correlate supercharger geometry and performance. One of this research 
simulation model that captures all design relationships between rotor geometry, 
 leakage with performance requirements.  
6.4.1    Flow and leakage in twin-screw supercharger
dynamic behaviour in twin-screw 
upercharger assumes simplifications such as:  
?
 of the 
f cavities and regions connected by 
leakage paths for the purpose of energy calculation; 
ultimately expressing the dependence on the system variable geometry. In practice it was 
proven true that variations of the system geometry convert into alterations of the system 
performance. Currently there is a need for a supercharger parametric model able to 
interests was to produce a twin-screw supercharger model suitable for use as a 
leakage clearance, leakage and correlation of
 
 
The thermodynamic model of air flow with fluid 
s
 
? constant pressures are considered at suction and discharge windows; 
 air flow through the process is considered isentropic;  
? air flow in leakage paths from inlet to the minimum cross-sectional area is considered 
adiabatic and reversible for the purpose of calculation of the maximum velocity
leakage flow, which in many cases was found limited by the sonic speed; 
? leakage flow is treated as isenthalpic for the content o
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? mass flow rate calculation is based on local velocity; 
? air flow in the suction window is considered practically incompressible due to its low 
local velocity compared to sonic velocity; 
? flow along leakage paths and in discharge window is treated as compressible due to its 
high velocities compared to sonic velocity; 
? in some leakage paths there are transonic flow conditions (flow at local sonic velocity); 
? the working process in the twin-screw supercharger is considered adiabatic, due to 
minimal duration of the internal compression (thousands of a second) which is prohibitive for 
heat transfer between the compressed air and all supercharger components; 
? leakage calculations relate to the pressure differential resulting in adjacent cavities of 
driving and driven rotors through internal compression of the air trapped by the screw 
motion. 
 
A simplified one-dimensional empirical model of flow is used to identify the flow and 
leakage characteristics in twin-screw supercharger typical leakage areas. Figure 6.1 
represents the flow driven by the pressure difference across three consecutive driving rotor 
cavities defined by their angular position relative to the compression cavity instantaneous 
angular positionτ . The leakage flow accounts for total air losses between the discharge and 
suction ports.  
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Leakage starts with the air flow during the suction period when suction cavities are connected 
with the inlet port. For a set of twin-screw supercharger rotors having transmission ratio 
2
12
1
zi
z
= , where 1z represents the number of lobes on driving rotor and 2z  represents the 
number of lobes on the driven rotor, simultaneous connection occurs between three rotor 
cavities designated as follows :the current cavity defined by angular position τ  is the 
compression cavity, the preceding cavity defined by angular position 12 / zτ π+ is the 
discharge cavity and the following cavity defined by angular position 12 / zτ π−  is the 
suction cavity. The air flow tendency is to equalize and maintain approximately the 
pressure throughout all interconnected cavities as illustrated in Figure 6.1. For leakage to 
advance through clearance channels or along rotor sealing edges, the property of change of 
the paired-working cavities is essential. The twin-screw supercharger paired cavity results
when the driven rotor lobe through its role of piston divides (splits) the driving rotor cavit
two parts: one in which occurs compression and a second one in which occurs dischar
Generation of paired-cavities perpetuates cyclically and so the leakage associated with them 
(Figure 6.2). Generally in order to reduce leakage there is a requirement to maintain minimal 
leakage clearances; however too little leakage clearances could be detrimental for the 
supercharger thermo-fluid system because of increased mechanical losses.   
same 
 
y in 
ge. 
 
6.4.2    Mapping the leakage paths in twin-screw supercharger 
One of the main features of twin-screw supercharger thermodynamic system is the time 
dependency of the system boundaries that occurs through cyclic variation of the rotor 
geometry and in particular through variation of rotor profile during rotors screw motion when 
all flow characteristics relate to the rotor geometry. Leakage and cross-flows in the twin-
screw supercharger occur through a network of clearances driven by gas pressure differences.   
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Figure 6.2 shows the leakage paths identified in the twin-screw supercharger.  
Detailed calculation of leakage is usually done for individual supercharger designs and 
represents a major factor influencing the twin-screw supercharger volumetric efficiency.  
Computation algorithms for leakage calculation require geometric definition of the clearance-
passages between adjacent helical cavities generated by the supercharger rotors in correlation 
with gas parameter variation throughout a complete cycle running from suction, entrapment 
and compression to discharge.  
 
Simplification of leakage calculation with minimal error was obtained by considering the 
pattern of clearance variation generated over a complete cycle during the screw motion of the 
supercharger rotors. Air losses through suction and discharge ports and through the typical 
leakage nodes obtained by the distribution of one-dimensional flow branches in the twin-
screw supercharger empirical model (described in Figure 6.1) are represented in Figure 6.2. 
Because the performance of twin-screw supercharger is influenced by the internal leakageas 
described earlier; therefore the air loss through leakage represents the best indicator for 
mapping the leakage pathways. The amount of leakage as function of rotor geometry, rotor 
profiles and operation conditions is specific for individual twin-screw superchargers. 
Investigation of leakage through individual leakage paths and calculation of the influence of 
each leakage path on the supercharger efficiency are integrated with strategies for 
supercharger design optimisation.  
6.5   Evaluation of leakage flow in twin-screw supercharger 
 
Twin-screw supercharger clearance design may be used to control the air flow and leakage 
with pre-defined criteria, although more testing is required for accurate scaling of leakage, 
flow velocity and noise measurements.  
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For each paired-cavity volume in the twin-screw supercharger typical leakage clearance paths 
were identified as described in Figure 6.3. The leakage clearance paths represented on  
Figure 6.3 were structured into a grid of leakage paths in order of their influence on the 
volumetric and adiabatic efficiencies of the supercharger. All clearances change under load 
and are influenced by thermal expansion of the twin-screw supercharger components.  
A complete design of leakage clearance requires realistic allowances obtained either by 
analytical evaluation followed by experimental testing or by empirical evaluation based on 
available similar test results. Leakage clearances are generally defined as “tip to bore” 
(leakage paths 2, 3 and 4 in Figure 6.3) and as “rotors end faces to the end plates of the 
supercharger” (leakage paths 5 and 6) can be maintained constant all over in “at rest” 
conditions. All six leakage paths represented in Figure 6.3 are complex when considered 
individually, however their relative contribution to supercharger volumetric efficiency varies. 
The most significant leakage flow in twin-screw supercharger occurs along the overlapping 
cavity of the rotors. Currently there is a need for a three-dimensional method of accurate 
leakage clearance evaluation in overlapping cavity of the twin-screw supercharger. 
 
Scaling of existing experimental data from contour edge diagrams [23] and tracing leakage 
clearance diagrams based on point-by-point measurements of rotor samples with a computer 
program [6] are known methods adapted for estimation of leakage clearance in twin-screw 
compressors. Existing two-dimensional [23] or quasi three-dimensional [6] methods of 
leakage clearance evaluation in twin-screw compressors do not obtain correlation between 
transverse and axial leakage clearances in the overlapping cavity. 
 
6.5.1 Characteristic line diagrams in twin-screw supercharger 
Leakage clearance evaluation in the overlapping cavity, as presented in this Chapter was 
based on the three-dimensional simulation of clearance generated during the meshing of 
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rotors. In twin-screw superchargers the working fluid is air and the largest volume of loss 
through leakage occurs mainly through the overlapped cavities of the rotors. Over a complete 
running cycle of twin-screw supercharger rotors, projections of successive instantaneous 
overlapping areas on a pre-defined transverse reference plane describe the twin-screw 
supercharger overlapping cavity. By construction, any individual instantaneous overlapping 
area connects three adjacent helical cavities. Relative to an instantaneous compression cavity 
the other two adjacent cavities connected with it are a discharge cavity as a preceding cavity 
and a suction cavity as a following cavity. According to the simplified model of one-
dimensional leakage flow in the twin-screw supercharger, represented in Figure 6.1, air 
losses through leakage occur through leakage paths connecting with these three cavities at a 
given moment of time during a running cycle of the supercharger. The connection between 
these three cavities adjacent to the common overlapping area is driven by the pressure change 
in combination with the working fluid (air) tendency to equalise pressure by flowing through 
the leakage clearances from higher through to lower pressure. As long as the supercharger is 
running, there is a perpetual shift of cavities associated with a particular overlapping area and 
with the screw motion of the supercharger rotors. The time reference for a helical cavity to 
get in and then out of association with a particular set of three cavities currently connected to 
a reference (datum) overlapping area, can be considered the moment when each cavity is 
passing over the compression side blow-hole of that datum overlapping area. In addition to 
these three interconnected helical cavities, there are other similar cavities in the immediate 
neighbourhood of the volumetric region (the overlapping cavity) described in the axial 
direction over the rotor length during a complete revolving cycle of the twin-screw 
supercharger rotors. Conventionally one overlapping area of any transversal rotor plane will 
be selected and used as reference (datum) plane for cumulating leakage effects of all sets of 
paired-cavities orthogonally projected onto the designated reference plane of the rotor 
overlapping area. Summation of leakage clearances that occur along the overlapping cavity of 
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a set of conjugated rotors in meshing is obtained by projecting each instantaneous leakage 
clearance path onto the datum plane of the rotors overlapping area. Over a complete running 
cycle the result of such operation is that the reference overlapping area of the rotors will be 
fully described by a complete set of instantaneous leakage clearance paths. This occurs 
through projection of similar rotor profiles advancing in the axial direction of the rotors. The 
relative position of the characteristic lines generated by conjugated rotor profiles over a 
complete meshing cycle is an indicator of safe clearance between rotor flanks of a set of 
meshing rotors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6.4Figure : Reference characteristic lines diagram for a set of 3:5 twin-screw supercharger  
                      rotors with asymmetric rotor profile 
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Projections of the characteristic lines obtained on the reference overlapping area of the rotors 
for a complete meshing cycle are represented on Figure 6.4 for a set of test rotors with 3:5  
transmission ratio. The overlapping cavity is partitioned into two regions separated by the 
top-land of the driven rotor. Similar regions were defined on the characteristic lines diagram 
such that the forward side of the overlapping cavity corresponding to the compression side of 
the rotor flanks is the datum plane for projected clearances generated between lower rotor 
flanks of driven and driving links. For the theoretical (reference) case of rotors running in 
tight mesh in zero-clearance condition, there is no clearance between the conjugated 
compression rotor flanks. The trailing side of the rotor overlapping cavity situated on the 
suction side of the supercharger rotors represents the datum plane for projected clearances 
generated between the upper rotor flanks of the driven and driving links.  
 
The algorithm for calculation of clearances between conjugated rotor flanks is based on the 
three-dimensional mathematical model of twin-screw supercharger rotors described in 
Chapter 3 and is incorporated in the specialised CAD module for design of supercharger 
rotors described in Chapter 4 of this thesis. Construction of characteristic lines diagram for 
conjugated rotor profiles by projection on the reference overlapping area was significantly 
simplified by observing similarity properties of the rotor profiles, and through application of 
the theory of gearing. The size and distribution of clearance between rotor flanks can be 
obtained by direct reading of the characteristic lines diagram. From the characteristic lines 
diagram of a set of supercharger rotors these profile points can be accurately located. They 
belong uniquely to conjugated surfaces of the rotor flanks which are related through a pre-
defined clearance. For example, a verification of the characteristic lines diagram in Figure 
6.4 correctly indicates that leakage paths from an enclosed cavity to the suction space with 
the cavity still connected to the suction space have direct influence on the volumetric 
efficiency (represented on the diagram by iso-clearance lines situated on the suction side 
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above the axis OR of the diagram). Leakage paths from an enclosed cavity to the next 
enclosed cavity connected to the discharge space have no direct influence on the volumetric 
efficiency (negligible leakage). The accuracy of the characteristic lines diagram allows 
identification of rotor profile design imperfections only by inspection of iso-clearance 
diagrams. For example, the presence of characteristic lines with inflection or turning points 
on diagrams identifies rotor profile combinations with curvature types that expand the 
running clearance between rotor flanks and aggravate sealing line leakage.  
 
6.5.2    Evaluation of leakage in the overlapping cavity of twin-screw superchargers 
The conservation laws of fluid mechanics apply to the air flow in twin-screw superchargers.  
For an arbitrary flow field the volume integral of an arbitrary field quantity f(X, t) is obtained 
by deriving the Reynolds transport theorem. The flow field quantity f(X, t) (which may be a 
first or second order tensor valued function such as mass or stress tensor), is in this case the 
velocity vector. The time dependent volume is considered connected to a given time 
dependent surface, in this case the overlapping cavity orthogonal projection on the transverse 
plane of the conjugated helical rotors, which moves through the flow field where it may 
experience dilatation, compression or deformation. It is assumed to contain the same particles 
of fluid at any time and the material change of the quantity F(t) can be expressed as: 
( )V t
( ) ( , )F t DD f t dv= ∫ X                                                                   Dt Dt                          (6.5.3.1)  
 display in one of its terms a surface integral by 
applying Gauss’ divergence theorem: 
This equation was further converted to
( ) ( )V t S t
( ( , ) ) ( , )f t dv f t dS∇⋅ = ⋅∫ ∫X V X V n                                                                     (6.5.3.2) 
where V  represents the flux velocity and n   represents the unit vector normal to the surface.                                  
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If the control surface is selected to be the area of the overlapping cavity of a set of 
supercharger helical rotors and if the fluid flow velocity through this area is known for a 
particular set of supercharger rotors, then using the projection of the overlapping cavity area 
on the transverse plane of the helical rotors, which is normal to the instantaneous contact 
point tangent of the helical flanks, it can be evaluated the mass flow rate and the mass of t
flow in twin-screw supercharger. Results obtained with this method giv
he 
e a good evaluation of 
e and of rotor meshing quality and can be used as a criterion for 
m
ercharger overall loss through leakage varies; therefore 
 
e 
 
screw supercharger. Identification, visualisation and modelling of the 
r 
supercharger rotor profil
co parison of different twin-screw supercharger rotor profile designs. 
Concluding remarks 
? Identification and mapping of typical leakage paths in twin-screw supercharger was 
based on the simplified model of one-dimensional leakage flow integrated with the 
supercharger rotor geometry and in particular with the rotor profile geometry. Leakage maps 
provide information for evaluation of losses through leakage in twin-screw supercharger and 
for estimation of volumetric efficiency. Criteria for selection of rotor profile type (symmetric 
or asymmetric rotor profiles), rotor profile geometry, transmission ratios and pitch diameter 
to rotor length ratios include leakage analysis. Each leakage path is complex but contribution 
of individual leakage paths to the sup
accurate leakage analysis treats individual leakage paths in relation to variation of geometric 
design and performance parameters. 
? The leakage flow through the twin-screw supercharger overlapping cavity, was identified
in literature (e.g.[6], [15], [20] listed in Section 6.6) as accounting for the highest leakag
volume in the twin-screw supercharger. For accurate calculation of leakage loss through the
overlapping area, the experimental method described by [6] (listed in Section 6.6) was 
adapted for the twin-
iso-clearance paths in function of the geometric parameters of the rotors were discussed unde
Point 6.5.1 (p.128). 
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? The characteristic lines (iso-clearance paths) diagram was generated by projection onto 
the reference overlapping area of the line of action from reciprocal meshing of twin-screw
supercharger rotors. The diagram was used successfully in accurate evaluation of clearanc
along sealing line and was used to cumulate sealing line leakage through the twin-sc
supercharger overlapping
 
e 
rew 
 cavity, therefore this diagram will be used in Chapter 8 of this 
thesis for comparison of different rotor profiles and their influence on supercharger 
volumetric efficiency.    
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7 EXPERIMENTAL INVESTIGATION OF FLOW 
CHARACTERISTICS IN TWIN-SCREW 
SUPERCHARGER USING LASER VELOCIMETRY  
7.1   Chapter summary  
 
An experimental investigation was carried out in order to determine flow characteristics in 
the twin-screw supercharger by Laser Doppler Velocimetry (LDV) measurements. The 
technique for laser velocimetry measurements has been adapted to the twin-screw 
superchargers during this research project. With the first LDV experimental test run, a laser 
probe for dynamic measurement of velocity components was used as a non-intrusive and 
highly-accurate experimental technique. The test was designed with special conditions and 
requirements including design and manufacture of a special test rig, development of a special 
procedure for analysis and selection of optimal LDV measurement data. Average velocity 
components U (Figure 7.10) and V (Figure 7.11) were obtained from measurements in test 
run number 1 and test run number 2. For both test runs based on repetition of measurements 
for each measurement point, interpolated graphs were obtained with data tabulated in Table 
7.2 - Table 7.9. As the LDV results were obtained from measurements of velocity in the 
turbulent flow of the test twin-screw supercharger, due to turbulence fluctuations many 
measurements are recorded and processed electronically before the display of results. It is 
then necessary to select the best LDV test results which need further data processing for 
obtaining the optimal velocity measurements. Special methods of data reduction and 
uncertainty assessment of LDV test results are presented in Chapter 8 and discussed in 
Chapter 9 as part of the strategies for optimisation of twin-screw supercharger design. 
7.2   List of symbols  
 
Ui    velocity component on Ox axis 
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Vi    velocity component on Oy axis 
v     absolute value of the local flow speed 
U    local velocity component on Ox axis 
V    local velocity component on Oy axis 
v    local flow speed 
f '    turbulence intensity 
r    result 
ix
δ     small error 
ir
δ     error propagated in the result 
( )true ir X    Taylor series 
i
r
X
∂
∂    sensivity coefficient 
ik
β    bias error 
ik
ε     precision error 
(U k) k, V   k-th set of measurements 
U     mean velocity component on Ox axis 
V     mean velocity component on Oy axis 
Uσ    standard deviation of the mean velocity component U  
Vσ    standard deviation of the mean velocity component V  
xk    random variable 
yk    random variable 
kr     random error 
kr
δ     total error 
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2
rδσ    the total error distribution 
rδσ    standard deviation of result 
xθ     sensitivity coefficient on Ox axis 
yθ     sensitivity coefficient on Oy axis 
N    number of measurements 
kr
δ     variance of the total error 
k nR +    higher order term reminder 
2
cu     variance of total error distribution 
xyb    covariance of the bias error distribution 
2
xb     variance of the bias error distribution on Ox axis 
2
yb     variance of the bias error distribution on Oy axis 
2 2( ) ( )Uσ  standard deviation of the speed Vσ+   
xy  covariance estimate of the precision error distribuS tion for x, y 
2
xS     variance estimate of the precision error distribution for x 
2
yS     variance of the precision error distribution for y 
K 
t 
   coverage factor 
   Student’s coverage factor 
iS     standard deviation for N readings sample of measured variables 
iθ     sensivity coefficient 
kθ     sensivity coefficient 
r     averaged result 
 139
rS     standard deviation of the N “sample” distribution of results. 
rU     uncertainty of the LDV test measurement variables 
cu     confidence level 
 
7.3   Introduction  
 
The purpose of this experimental test was to measure flow characteristics important for the 
analysis of the twin-screw supercharger performance. It is known that the performance of this 
supercharger type depends on the volume and the total losses of the air flow through the 
rotors. To accurately predict the efficiency of the twin-screw supercharger for a particular 
rotor design, accurate flow analysis was required. A novel experiment was designed in order 
to validate customized supercharger rotor profile design data integrated with flow data. In a 
broader frame, design data of the CAD models,  the supercharger prototype used in this 
experiment and some experimental test results may be used in future research and may be 
replicated in other CFD simulations.  
 
The LDV experimental test will not describe the numerical methods or the turbulence 
modelling in any detail. However, it is expected that  the experimental test set-up and selected 
measurements of the turbulent flow characteristics at test condition be replicated in CFD time 
dependent simulations.  
 
Due to the complexity of the experiment, the overall scope of the experiment was broken in 
several stages, from which the first one was presented in Chapter 4.  
 
 
7.3.1   Experimental measurements of flow field in twin-screw supercharger 
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The experiment described in this Chapter concerns test measurements of the turbulent flow 
characteristics relevant to the flow in the twin-screw supercharger. In particular, individual 
velocity components were measured as independent variables and for selected test results the 
speed and the turbulence intensity are calculated of the flow in twin-screw supercharger. For
selection of optimal test results data reduction techniques and statistical inference were used.
A second goal of the experimental test presented in this Chapter was to assess the design o
the experimental test and the test set-up. This was necessary because the test results and the
test set-up must be available as input data for CFD dynamic simulations. Currently CF
analysis with commercial CFD software applied to twin-screw superchargers has not been 
developed to a level permitting the confident design from computational results only
Fundamental CFD modelling is used only to explain different practical observations and f
trend ana
 
 
f 
 
D 
. 
or 
lysis. Advanced research and complementary work contributing to design 
optimisation through flow analysis of automotive components is currently of worldwide 
 
n of 
 
y 
interest. 
The experimental test expectations were defined in relation to the test purpose formulated 
above. The LDV experimental test presented in this Chapter investigated the accuracy of 
experimental velocity and turbulence intensity data obtained from independent variatio
input rotational speed and other fluid characteristics at the test conditions. The LDV test 
results were obtained by direct measurements on a special test rig using a twin-screw 
supercharger with customized-design rotors. The experimental test results were converted 
through dynamic similarity from the test conditions to operational conditions of twin-screw 
supercharger. Practically by integration of realistic flow field data with different simulation 
models of the twin-screw supercharger, the overall performance parameters of flow in twin-
screw supercharger such as mass flow rates, velocity distribution profiles and leakage were
derived with improved accuracy. Validation of theoretical flow predictions can be done b
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pressure data available or be obtained from an independent experimental test which is the 
present LDV experiment case. The experimental test outcomes following the LDV 
measurements and overall fluid flow data obtained from selected experimental results 
were integrated with the supercharger rotor profile geometry and were formulated in 
egies for optimisation of the supercharger design. 
7.3.2    Acknowledgement 
 
ty, 
nical and Manufacturing Engineering by Katherine Ilie 
rimental test results were selected and 
w supercharger adapted for the LDV experimental test, the Perspex casing and 
metry instrumentation 
rocedure. The LDV experimental test measurements were done at the CSIRO Fluid 
 
 
 
 for LDV experimental testing of  
in-screw supercharger flow characteristics, is presented in Figure 7.1.  All test rig  
omponents are labelled and listed on the test rig layout. 
Chapter 8 with various strat
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7.4   LDV experimental test set-up and testing procedure 
Conceptual layout of the test rig, designed and customised
tw
c
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Th
arger adapted for the testing purposes; 
peed DC motor control unit; 
ctors for oil pressure circuit; 
 properties (mineral oil). 
he working fluid was Shell Diala Oil (light mineral oil) with the manufacturers reference 
    Table 7.1: Manufacturer reference data for SHELL DIALA OIL  
                     (TRAN                       
IAN ST D  AS ASSES I
e test rig included: 
? Customised twin-screw superch
? Transmission unit; 
? High torque DC geared motor; 
? Variable s
? Special hydraulic hose conne
? Oil tank; 
? Special oil tank connectors; 
? Electronic RPM counter;  
? Testing fluid with special
T
data presented in Table 7.1.    
 
SFORMER AND CIRCUIT BREAKER OIL)        
 
AUSTRAL ANDAR 1767 - 1999 CL  & II 
BITISH STAND S148 - 1 SSES I & II ARD  B 998 CLA
TYPICAL CHARACTERISTICS (ASTM D 3487 Type I) 
DESCRIPTION U S  TY L NIT STANDARD PICA
DENSITY AT 150 C Kg/L ASTM 
 
0.889 
D4052/D1298
FLASH POINT 
(pmcc) 
0C ASTM D93 146 
VISCOSITY AT 20  C0  m 2m /s ASTM d445 20.0 
VISCOSITY AT 40  C m  0 m2/s ASTM d445 9.1 
COLOUR - ASTM D1500 TRANSPARENT 
WATER CONTENT ppm ASTM D1533 <15 
CORROSIVE ASTM D1275 NON-COROSIVE 
SULPHUR 
- 
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The use of common fluids available currently in LDV fluid testing laboratories was 
prohibited by the specialised requirements of the experiment and of the test supercharger. 
Special design features considered were: small clearances between supercharger rotor flanks, 
small rotor tip to casing clearances, special fits of the needle roller bearing mountings o
shafts and the use of aluminium alloys for both supercharger rotors and the lower half of the 
casing. Pure mineral base process oil was used for matching the refractive index of the 
Perspex and to avoid degradation through chemical reaction with the mechanical compone
of the supercharger assembly. The test twin-screw supercharger had upper casing made of 
Perspex for optical access to measurement locations within the flow field. The refractive 
index of Perspex is 1.490; the same refraction index was required for the mineral oil. Shell 
Diala oil (with manufacturer reference data presented in Table 7.1)  has a matching refracti
index which ensured minimisation of reading error and reduced undesirable laser scattering, 
refraction and laser beams deviation. To minimize the effects of casing wall curvature 
Perspex upper casing was machined to tight geometric tolerance. In this experiment the te
twin-screw supercharger used mineral oil of viscosity higher than air viscosity at low 
rotational speed calculated to achieve dynamic similarity by Reynolds number matchi
criterion. The flow in the supercharger was turbulent; therefore the expected fluctuatio
velocity required allowance for the testing time to be long enough for the fluctuating 
components of velocity field to stabilized off. The prohibitive cost of this experiment 
restricted the number of test measurements, therefore data reduction and error analysis were
recommended prior to measurement. The test results were designed to be used in correlatio
with design data for flow and leakage simulation and for prediction of flow characterist
For uncertainty assessment in LDV test process and for selec
n steel 
nts 
ve 
the 
st 
ng 
ns of 
 
n 
ics. 
tion and analysis of the LDV 
ata a special procedure was designed by adaptation of fundamental principles of data 
nalysis for fluid mechanics engineering tests (Figure 7.2).  
d
a
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Standard recommendations of the American National Standard Institution / American Soc
of Mechanical Engineers (ANSI/ASME), 1985 and American Institution of Aeronautics and
iety 
 
Astronautics (AIAA), 1995 were consulted. The specially designed LDV experimental test 
-
chart diagram were used for planning the uncertainty assessment of the LDV test process.  
 
upercharger 
 
w supercharger assembled on the test rig for the LDV test is shown in  
Figure 7.3 and had customized features compared to commercial proprietary twin-
for measurement of flow characteristics in the twin-screw supercharger and the test flow
7.5   Experimental test rig for LDV in twin-screw s
The twin-scre
screw prototype models with the same design characteristics.  
 
 
7.3Figure : Photograph of the test rig assembly for LDV measurements in the twin-screw 
                      supercharger  
Oil Tank & Fittings Test Supercharger
Pulley Transmission 
DC Motor Control DC Motor 
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The supercharger rotors with asymmetric rotor profiles were mounted on centre dist
operational clearances. The supercharger housing is customised to two-half design. The
housing made of cast Aluminium alloy includes the inlet and outlet ports in normal 
operational locatio
ance with 
 main 
ns. The upper housing made of transparent laminated Perspex (plexiglass) 
is specially machined to achieve maximum transparency (Figure 7.3) and was integrated as 
insert with the main housing (Figure 7.4). 
  
 
 
Figure 7.4: Photograph of Perspex insert integrated with main housing and transmission 
                    assembly 
 
Because of   the size and tight fit of the Perspex insert in the casing and to maintain high 
transparency, special sealing was used. The test rotors ran at low speed that could be varied  
Pulley Transmission Timing Gears
Perspex Casing Driving Rotor
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using the DC motor controller without changing other test conditions.  
The optical system was a one-directional beam back-scatter frequency shifted laser 
velocimeter (Figure 7.5). The entire optical assembly, transmitting and receiving optic 
signals was mounted on a robotic arm that supports a compact probe with integrated 
instrumentation.  
 
 
 
 
 
7.5 : Photograph of twin-screw supercharger test rig and LDV test instrumentation  
 
Laser Doppler Velocimetry (LDV) measurements made under similar flow cond
repeated to give 
Figure
 
itions were 
three samples per location. The probe location (the measurement point) was 
aversed in two normal directions using the robotic arm (Figure 7.5). tr
Driving Test Rotor
Robotic Arm 
Laser Velocimeter 
Oil Tank
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Optical alignment was maintained throughout the duration of the experiment by retaining the 
st rig in a fixed position with a digital positional readout used to maintain the accurate 
 
y.  
 
7.6   Procedure for error evaluation of LDV experimental test results 
les 
m ng 
model 
 
te
location of the probe. Aluminium coated styrene particles of very fine dimension (0.009mm
in diameter) were seeded within the flow. Particles density approximated the oil densit
 
7.6.1    Uncertainty assessment of the LDV test for measurement of flow 
characteristics in twin-screw supercharger 
 
The experiment was designed as a fluid engineering test to make accurate velocity 
components measurements in the turbulent flow in the test twin-screw supercharger and to 
use them to calculate the flow speed and turbulence intensity. The true values of the variab
measured are considered practically unknown, as the experiment has inherent errors of some 
unknown magnitude. In this case errors can be identified as due to instrumentation, 
limitations of data acquisition and reduction and experi ent environmental effects includi
change in the fluid temperature and variations of the fluid viscosity over the test duration. 
Intrinsic flow fluctuations due to turbulence are expected to be reflected in the experiment 
results, therefore a procedure is required for the accurate assessment of errors associated with 
this experiment. The LDV test was the first known application of LDV to flow measurement 
in a twin-screw supercharger and there were no previous data available for comparison. 
Therefore error assessment was intended to support comparison of the distribution of 
measured data with the distribution predicted on the basis of the theoretical model. This 
comparison was intended to help assess the validity of the predictions or whether the 
needed modification. The experiment instruments and conditions were validated as highly
accurate but still an error in this case would signify a deviation of the result from some “true” 
value. Estimates of the errors inherent in this experiment, could result from discrepancies 
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between results of repeated measurements, and consequently it was aimed to determine
results with a known degree of uncertainty. Following the uncertainty assessment of the fir
test, decisions on conducting subsequent experiments were based on the ability of the first 
test outcome to achieve the test objectives within acceptable uncertainties. Data qual
assessment became an important part of the whole test procedure through test design, 
determination of error sources, estimation of uncertainties and do
 
st 
ity 
cumentation of results. 
igure 7.2 repres
onsiderations in the hierarchical test phases, including decisions on further testing, the  
feasibility of further testing of experiment design, and the test methodology. The integration 
and implementation of uncertainty assessment into the test process and documentation of 
results, was treated as part of the general strategy for design optimisation of the rotors, as an 
essential component of the experimental data calibration system for twin-screw 
superchargers.  
 
7.6.2 Measurement system in the LDV test for identification of data-reduction 
 
l 
e 
; 
ap n 
practice values of measured quantities close to their true values are generally not known. 
Estimations based on records of similar measurements are possible and generally they are 
based on statistical concepts. For this type of experiment the typical confidence level was 
F ents the schematic of the testing process with integration of uncertainty 
c
             equations and error sources  
During the LDV test, measurements were made with calibrated instruments from which al
the known errors were removed. Although the instruments involved in this test were 
considered to be the best calibrated instruments there may still have errors associated with th
measurements. It was assumed that in this test the errors were likely to be fluctuating but 
equally negative and positive. The accuracy of measurements was determined from 
assessment of the difference between an experimentally determined value and its true value
so that the accuracy of the experiment would increase as the error rate proached zero. I
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e imated to be 95% and higher. That is, by estimating thst e error of repeated measurements of 
a physical quantity such as fluid flow velocity to the uncertainty Ui, the true value of the 
quantity was expected to be at least within the interval ± U  for the mean (average) i of 95 
ti th pre-defined positions for sets of 
e 
d standard deviations o h e  data points to describe respectively the results 
and the uncertainty of the measurement data. The test was designed to obtain accurate 
measurements for two components of the fluid flow velocity for each of two cases, (Ui, Vi) 
measured for the supercharger driving rotor rotational speed = n [RPM] and (U , V ) 
measured for the supercharger driving rotor rotational speed = n  [RPM]. Results were used 
to calculate with the estimated uncertainty, the velocity of the fluid at designated 
measurement points 1, 2 and 3 (Figure 7.1) in two cases, that is for n =5 RPM and n =10 
RPM. The effects of the uncertainties associated with the measured components of the fluid 
flow velocity need to be assessed for the determination of other parameters. Consideration 
was given to the way in which the uncertainties propagated from the data points to the 
parameters, and how the uncertainties of experimental parameter determination would be 
propagated to the final result. In this case, consideration was given to the uncertainty of the 
velocity components was propagated to the parameter speed v and to the parameter 
turbulence intensity f '. The relationship that obtains the absolute value of the fluid speed 
from known values of two components of the fluid velocity is:  
mes out of 100. The experiment was designed wi
measurement points and allowed the use of theoretical methods for extracting estimates of th
mean an  fr m t e s t of
1 j j
2
1 2
 2 2v U V= +                                                                                                                (7.1) 
where in general: 
 
v  is the absolute value of the local speed of the fluid flow through the 
twin-screw supercharger; U and V are local velocity components on Pi X and PiY as axes o
the supercharger rotor as represented in Figure 7.1.  
f 
 152
The supercharger used with the first version of the LDV test had the rotors set up with 
unscaled operational clearance. The combination of the small rotor clearance and the 
dimension of the laser beam made extremely difficult the measurement of the third veloc
component. Based on tes
ity 
t conditions determined following the first version of this test, the 
ird velocity component W was neglected. With the resulting measurements, the quantity v 
d and 
of the individual 
ariables Ui ,Vi  (i = 1, 2, 3) at three different axial locations P1, P2, P3 on the driving rotor 
tions to calculate 
t 
th
was determined, as a function of only two variables, U and V the means of the measured 
velocity components. Measurement data acquisition was automated and data transmitte
stored on the PC integrated with the laser instrumentation. Measurements 
v
generator (Figure 7.1) were averaged and further used in data reduction equa
the dependent variables: the fluid flow speed v and turbulence intensity f '. The dependen
variable v  calculated from the averaged velocity components U  and V  using the dat
reduction equation (7.1), was subject to data reduction: 
a 
v 2 2( ) ( )U Vv σ σ= ± +                                                                                                 (7.2) 
where: 
 v   represents the absolute value of the average speed;  
( )Uσ , ( )Vσ are standard deviations of the mean velocity components U  and V ;  
2 2( ) ( )U Vσ σ+  represents the standard deviation of the speed; 
v represents the speed of the fluid flow through the supercharger within the resulting speed 
range, ( 2 2( ) ( )U Vv σ σ− + ) ≤  v ≤  ( 2 2( ) ( )U Vv σ σ+ + ). 
Speed resulted from measurements of individual variables U , and V  used with data reduction 
v = v (U , V );                                                                                                                   (7.3) 
i i
equations of generic type:  
i i
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The turbulence intensity f ' resulted from measurements of individual variables Ui, and Vi 
used with data reduction equations of generic type:  
f ' = f ' (Ui, Vi )                                                                                                                 (7.4) 
e overall measurement system consisted of: the instrumentation, the procedure for d
acquisition and data reduction and the operational environment (laboratory with large-scale 
Th ata 
specialised laser testing facilities) and was completely defined. Each of the measurement 
systems used to measure values of an individual variable, in this case either Ui or Vi , was 
inf n  b e bias 
i i and Vi. The 
ta 
re
from standard [ANSI/ASME, 1985 and AIAA, 1995] to the LDV test, identified sources of 
elemental error in the testing process involving the LDV individual measurement system 
described, the measurement of individual variables, data reduction equations (Equation 7.1 - 
7.4) and the experimental result documentation (Microsoft Excel worksheet). Typical sources 
of ram represented in 
. In 
v and local 
tu
It is noted that estimation of uncertainties in the measurements and in formulation of the 
experimental results calculated from them can only provide experimental results with 
mini  concepts.  
lue ced y various elemental error sources. The effect of these elemental errors can b
errors B  and precision errors Pi in the field of measured values of the variables U
errors Bi and Pi in the measured values of the variables Ui and Vi propagated through da
duction equations and generated the bias Bi and precision Pi errors in the experimental 
result v or f ' . Propagation of errors in general throughout experimental results was adapted 
 error in the LDV measurement system were identified in the block diag
Figure 7.2 as standard sources according to ANSI/ASME, 1985 [2] and  AIAA, 1995 [1]
the LDV test, error estimates led to experimental results such as local speed 
rbulence intensity f '.  
 
mal errors by a combination of engineering and statistical
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7.6.3    Uncertainty propagation equation in LDV experimental test 
repeat the measurements a number of times whilst maintaining the same test set up. If 
multiple tests were possible, the results v = v (Ui, Vi) or f ' = f ' (Ui, Vi) would be determined 
from many sets of indivi
was not possible to execute the test more than once within the same test set-up. In this case 
the resulting speed v = v (Ui, Vi) and turbulence intensity f ' = f ' (Ui, Vi) were determined 
fr  (Ui, Vi) taken in conditions defined for the same measurement 
e 
xample to change the input rotational speed for two sets of 
m e independent variables were obtained from a large 
of samples. This process was run over a period of time long enough to average out 
the e e of each set of 
measurements gave the measurement of each independent variable. For both multiple and 
single tests the uncertainty propagation equation had to take in account the bias and precision 
errors in the measurement of the indepe i i
err ecision 
er  were 
Sets of LDV measurements could be taken in different ways provided it was possible to 
dual measurements (Ui, Vi) obtained at fixed test conditions of the 
same measurement system. The LDV experimental test was complex and expensive, and it 
om one set of measurements
system as conditions of a single test. The test was repeated several times in order to chang
some of the test conditions (for e
easurements), and measurements of th
number 
 turbulence fluctuations of the flow in twin-screw supercharger. The av rag
ndent variables U  and V  and the propagation of these 
ors through the data reduction equation through to the test result v or f '. If the pr
ror in the experimental test were in general r and a small error in the measured value
ix
δ , then the error propagated in the result is 
ir
δ was approximated through a standard 
procedure [1] by an expansion in Taylor series of ( )ir X about ( )true ir X and the error in the 
result would be: 
 
ix
δ . 
i
r
X
∂
∂ = irδ                                                                                                                  (7.5)
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where 
i
r
X
∂
is the sensivity coefficient (the slope of the data reduc∂ tion equation). 
For two independent variables U and V of the LDV test, the bias 
ik
β and the precision 
ik
ε errors in the k-th set of measurements (U , V ), have similar data reduction equations. To k k
account for modified test conditions both bias 
ik
β and precision 
ik
ε errors had been 
considered with different values for each me surement, therefore became random variablea s 
that could relate the measured and true values of the independent variables: 
i ik true x x
x x β ε= + +                                                                                                           (7.6) 
i ik true y y
y y β ε= + +                                                                                                           (7.7) 
For generality the measurements (Uk, Vk) were expressed as (xk, yk) and the error kr was 
expressed by the Taylor series expansion for a function of two variables as: 
( ) ( )k true k true k true k n
r r
x y
r r x x y y R +
∂ ∂
∂ ∂
where:  
− = − + − +                                                                (7.8) 
x
r
x
θ∂ =∂  and y
r
y
θ∂ =∂ are sensivity coefficients;  
k nR + is the higher order term reminder that can be neglected. 
For the k-th measurement of the generalised variables (x, y) the total error 
kr
δ is: 
kr
δ = ( ) (
k k k k
)true x x x y y yrkr θ β ε θ β ε− = + + +                                                                     (7.9) 
 
T e measure of the dispersion of total error o obtain th
kr
δ for a number N of measurements 
giving the result r, the variance of the total error 
kr
δ is: 
2 2
1
r krN iN
1 nlim[ ( ) ]δσ δ→∞= ∑                                                                                                   (7.10) 
 
=
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where the variance 2
rδσ  can be combined and re-arranged with equation (7.9) to give the 
equation of the standard deviation 
rδσ of the result:  
2 2 2 2 2 2 2 2 22 2
k x y x x xx y x y x y y x y x xδ β β β β ε ε ε εσ θ σ θ σ θ θ σ θ σ θ σ θ θ σ= + + + + +                                  (7.11) 
In general the standard deviation 
rδσ was not known and estimations were made for it in 
equation (7.11) re-arranged as: 
2 2 2 2 2 2 2 2 22 2c x x y y x y x y x x y y x y xyu b b b S S Sθ θ θ θ θ θ θ θ= + + + + +                                                  (7.12) 
where: 
2u  is defined as an estimate for the variance of the total error distributionc
2
rδσ ; 
2 2, ,x y xyb b b  are estimates of the variance and covariance of the bias error distributions; 
2 2, ,x y xyS S S are estimates of the variance and covariance of the precision error distributions; 
xyb is the estimate of the correlated bias errors for the measured variables x and y; 
xyS is the estimate of the correlated precision error for the measured variables x and y. 
 
 
ic (bias) error of the laser 
For the LDV test, based on existing data from previous experiments that used identical LDV
instrumentation set up, something was known about the order of magnitude of some errors. 
For example it was known that the order of magnitude of the intrins
instrumentation was 310− m/s, but that does not influence the measurements of the fluctuating 
part of the velocity field, therefore were ignored and equation (7.12) re-arranged in a simpler 
form: 
 2 2 2 2 2 2c x x y y x y xyS Sθ θ θ θ= + +                                                                                          (7.13) 
 However it was known 
u S
No assumptions were made on types of error distributions in (7.13).
from general LDV test data that there were sufficiently large measurement sample sizes for 
the distribution of the mean to be normal for both variables (velocity components U and V) 
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measured and that the confidence level is at least 95% (or much better). To obtain an 
uncertainty rU at the confidence level 95% cu must be multiplied by a coverage factor K: 
rU = K cu                                                                                                                         (7.14) 
known that there were only precision errors to be analysed after the instrument intrinsi
(bias error) was
Selection of K requires assumptions on types of error distributions. With the LDV test it was 
c error 
 found negligible, and that the current analysis was expected to identify the 
m  95% or 
tistic 
re 
selected 
inty 
ement variables: 
inimum of the measurement error with the level of confidence as high as at least
better. Therefore K was replaced by the coverage factor t = 2. This was obtained by sta
inference with Student’s t statistic for the LDV test measurement samples because they we
from a normally distributed population of measurements. It resulted the error 
propagation equation, the one that was targeted to be derived for the evaluation of uncerta
of the LDV test measur
 
1
2 2 2
1 1 1
2r i i i k ik
i i k i
U P Pθ θ θ
= = = +
= +∑ ∑ ∑                                                  J J J−                                   (7.15) 
 
where: 
i iP tS= , (t = 2); 
2P t S= , (t = 2) ik ik
,i kθ θ are sensivity coefficients 
iS  is the standard deviation for a sample of N readings of the measured variables. 
The sensivity coefficients are defined as: 
i
i
r
X
θ ∂= ∂                                                                                                                         (7.16) 
The error propagation equa  and multiple tests with negligible bias 
limits. 
tion (7.15) applies to single
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7.6.4 Precision limits for single LDV experimental test  
T iva ed by a numhe LDV test was mot t  ber of factors from which the complexity and accuracy 
required by the nature of the measured variables were essential. However the prohibitive cost 
of the prototype tested, the cost of the testing instrumentation and the cost associated with the 
duration of running the test required custom features to be included in the test design.   
e from 
many samples over some time interval at fixed test condition for a given test input rotational 
speed, with the fixed test set up completely unrelated with the change of test input rotational 
speed. The repetition of all the measurements at the same test condition was possible at any 
input rotational speed as the input rotational speed was varied within the range of the variable 
DC motor controller which was included on the twin-screw supercharger test rig. Therefore 
the LDV test was designed to operate as a single test for all the measurements required, 
regardless of the number of independent variables measured. For a single test in which the 
measurements were made from many samples at a fixed test condition, and with no 
correlation for the precision errors, the precision limit of the result 
For example, the LDV test was designed to support one or multiple measurements mad
rP was estimated as: 
 rP = rtS                                                                                                                        (7.17) 
where t is the coverage factor and rS is the standard deviation of the sample of N readings of 
the result r 
. 
7.6.5    Precision limits for multiple LDV experimental tests 
The LDV test was run for the first time, there were no previous test data and precautions were 
taken to ensure that the precision of the readings in the single test was the precision expected. 
Therefore for each independent variable measu epeated three times at 
fixed test conditions. The results of these three successive tests could be treated together as 
N” measurements of a multiple test, and based on the error analysis a single measurement 
red, the single test was r
“
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was extracted as the result of the multiple test measurements. In the multiple tests, an 
averaged result r was determined from N sets of measurements at the same fixed test 
conditions as: 
1
1 N
i
iN =
The test was designed to allow for the N sets of measurements in the appropriate time 
interval. The precision limit of an individual (single test) result of the N measuremen
r r= ∑                                                                                                                     (7.18) 
ts is: 
r rP tS=                                                                                                                           (7.19) 
where t is the selected coverage factor and rS is the standard deviation of the N “sample” 
 
7.6.6    Implementation of uncertainty assessment method 
Measurements of two flow velocity components as independent variables Ui  ,Vi  (i = 1, 2, 3) 
at three different axial locations P1, P2, P3 on the driving rotor generator (Figure 7.1) were 
averaged to 
distribution of results. 
U  and V and the absolute value of the average speed v used in particular with 
ed v as dependent variable: data reduction equation (7.1) for calculation of the fluid flow spe
v 2 2( ) ( )U Vv σ σ= ± +                                                                                                 (7.2) 
where: 
 v   represents the absolute value of the average speed;  
( )Uσ , ( )Vσ are standard deviations of the mean velocity components U  and V ;  
2 2( ) ( )U Vσ σ+  represents the standard deviation of the speed; 
v represents the fluid flow speed through the supercharger within the resulting speed range 
( 2 2( ) ( )v σ σU V− + ) ≤  v ≤  ( 2 2( ) ( )v σ σU V+ + ). 
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The uncertainty assessment method which was applied to selected LDV tes
for calculation of fluid flow speed v and flow turbulence intensity 
t results 
'f  in the twin-
screw supercharger test model was summarised in Figure 7.6 presented below. 
 
 
F .6: Summary of uncertai ssment method for calculation of l LDV 
 measureme  of turbulent flow eed and turbulen tensity in 
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T signed with the purpose of acquiring accurate measurem nts of the 
turbulent fluid flow speed and turbulence intensity in the full-scale test twin-screw 
s Both speed a tensity he flow are dependent variables, 
mit and total 
mental test results were found. Records are presented in  
ed in Figure 7.8 with analysis of LDV 
mental test results.  
    
7.7   Analysis of LDV experimental test results  
 
T or analysis process was designed for selection of the mo  accurate LDV 
test results by uncertainty assessment and for selection of optimal test result based on 
statistical inference. The basic geom ric configuration for measurement of two velocity 
c  low-speed turbu flow in the supercharger is represent  Figure 7.1. 
M  normal velocity components were obtained at three different locations, 
P onventional ref rence plane XPiY. The axial velocity component Ui 
a ripheral velocity component Vi along axis PiX were both measured at 
three individual locations Pi  (i = 1, 2, 3). Velocity components at all three locations were 
recorded by the beam splitters with realignment of the optics for each 
measurement location. This was done by the robotic arm hat carries the probe (Figure 7.5). 
D ually spaced core to shell positions (  7.1) centred within the radial 
he LDV test was de e
upercharger model. nd urbulence in t  of t
and to obtain the highest accuracy in calculations using the measured flow velocity 
components the uncertainty assessment was done. The precision limit, bias li
uncertainty for the LDV experi
Table 7.2 to Table 7.9 with analysis of LDV experimental test results. Graphs of experimental 
velocity component U [m/s] measured at 5 RPM and 10 RPM in 3 individual test runs are 
presented in Figure 7.7; graphs of experimental velocity component V [m/s] measured at 5 
RPM and 10 RPM in 3 individual test runs are present
experi
he experimental err st
et
omponents of the lent ed in
easurements of two
i (i = 1, 2, 3) in the c e
long axis PiY and pe
 rotation of 
 t
ata collected for eq Figure
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r learance on d al to the reference plane XPiY  of the mobile 
systems of coordinates associated with each individual measurement location Pi (i = 1, 2, 3) 
as shown in  Figure 7.1.  The twin-screw supercharger test rig set-up was maintained fixed 
over the entire duration of the LDV experimental test. The measurement technique for 
ination of the velocity gradient. Typical 
ecorded electronically in a microcomputer. Results are in Table 7.2  
nput speed 
 
COORDINATES OF 
EASUREMENT 
POINT
 
X 
mm 
 
Y 
mm 
 
Z 
mm 
otor tip to housing c ire tion normc
velocity components was based on collection of coherent light scattered by the very fine 
Aluminium-coated styrene particles (the magnitude of Aluminium particles was of the order 
9.10 -3 mm) within fluid flow which allowed determ
signal outputs were r
 
Table 7.2:  Coordinates X [mm], Y [mm], Z [mm] represent three-point measurement  
                  locations for first LDV experimental test at 5 RPM i
M
 1 
ME
SET 1 -
ASUREMENTS 
 
 
19.9985 
 
0.0056 
 
0.9963 
MEASUREMENTS 
SET 2  
 
-19. 56 
 
0.0038 
 
0.9963 99
MEASUREMENTS 
SET 3  
 
99-19. 56 
 
0.0038 
 
0.9963 
 
COORDINATES OF 
MEASUREMENT 
OINT 2 
mm 
P
 
X 
mm 
 
Y 
mm 
 
Z 
ME
SET 1 -
ASUREMENTS 
  
 
44.9994 
 
-0.0109 
 
0.9971 
MEASUREMENTS 
-44. 94 
 
-0.
 
0.9971 SET 2 
 
99 0109 
MEASUREMENTS 
-44. 94 -0. 0.9971 SET 3  
 
99
 
0109 
 
 
3  mm 
COORDINATES OF 
MEASUREMENT 
OINT P
 
X 
mm 
 
Y 
mm 
 
Z 
MEAS S 
SET -  
UREMENT
 1 
 
74.999
 
0.017 
 
0.9948 
MEAS  
-74. 99 
 
0.017 
 
0.9948 
UREMENTS
SET 2 
 
9
MEASUREMENTS 
SET 3   
 
-74. 99 0.017 0.9948 9
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Three sets made of large numbers of measurement points recorded in Table 7.3 were used for 
velocity component measuremen nd W.   
 
Table 7.3:  Large number of individual measurements of velocity components  
                   U, V and W recorded for use in calculations of means at three distinct 
ive to 
 
 
MEASREMENTS 
NUMBER 
ON POINT 1 
 
 
U 
 pts 
 
 
V  
pts 
 
W  
pts 
ts U, V a
                   measurement points positioned at 20 mm, 45 mm and 75 mm distance relat
                   the inlet, represented in Figure 7.1. 
MEA  
SE 23510 6490 
SUREMENTS
T 1 
   
0 
MEASUREMENTS 
 SET 2
 
22911 
 
7089 
 
0 
MEASUREMENTS 
23009 
 
6991 
 
SET 3 
 
0 
 
MEASREMENTS 
NUMBER 
ON POINT 2 
 
 
U  W  
pts 
 
 
V 
pts 
 
pts 
M
S
EASUREMENTS 
ET 1 22516 7484  
   
0 
MEASUREMENTS 
SET 2 
 
22548 
 
6944 
 
0 
MEASUREMENTS 
SET 3 23056 6991 0 
   
 
MEASREMENTS 
pt p pNUMBER 
ON POINT 3 
 
 
U  
s 
 
 
V  
ts 
 
W  
ts 
MEASUREMENTS 
ET 1 S
 
21559 8441 0 
  
MEA  
SE 21848 
SUREMENTS
T 2 
  
8152 
 
0 
MEASUREMENTS 
SET 3 
 
22152 
 
7848 
 
0 
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Mean measurements Umean  , Vme mean which were obtained by velocit
over an elapsed time interval long enough to allow the turbulence fluctuations to average off. 
were represented in Table 7.4.   
 
able 7.4: Mean velocity components Umean  , Vmean and  Wmean obtained from velocity  
                measurements in three points positioned at 20 mm, 45 mm and 75 mm distance 
 
MEAN AT 
MESUREMENT          
POINT 1 
 
 
Umean
[m/s] 
 
Vmean 
[m/s] 
 
Wmean 
[m/s] 
an and  W y measurements 
T
  
                    relative to the supercharger inlet shown in Figure 7.1. 
 
MEASUREMENTS 
SET 1 
 
0.005565 
 
0.020602 
 
0 
MEASUREMENTS 
S 0.0 0.0ET 2 
 
05614 
 
22588 
 
0 
ME
SET 3 0.0056 0.0213
ASUREMENTS  
66 
 
04 
 
0 
 
MEAN AT 
   
P
m ean 
MESUREMENT       
OINT 2 
 
 
U ean 
[m/s] 
 
 
Vmean 
[m/s] 
 
Wm
[m/s] 
MEASUREMENTS 
SET 1 0.004395 0.021605 
   
0 
M
SE 0.  0.  
EASUREMENTS 
T 2 
 
004640
 
021286
 
0 
MEAS  
S
 
0.004619 
 
0.020868 
 
0 
UREMENTS
ET 3 
 
   
Um V W ean MEAN AT 
MESUREMENT       
POINT 3 
 
 
ean 
[m/s] 
 
 
mean 
[m/s] 
 
m
[m/s] 
MEASUREMENTS 
SET 1 0.002205 0.018201  
   
0 
M
SE 0.  0.  
EASUREMENTS 
T 2 
 
002053
 
018539
 
0 
MEASUREMENTS 
S
 
0.002221 
 
0.018558 
 
ET 3 0 
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 Table 7.5:  Standard deviations: Ustd , Vstd , Wstd  tained from velocity measurements 
                 in three points positioned at 20 mm, 45 mm and 75 mm distance relative to the 
                  supercharger inlet shown in Figure 7.1. 
 
STANDARD 
DEVIATION AT 
MESUREMENT POINT 
1 
 
 
Ustd 
[m/s] 
 
 
Vstd 
[m/s] 
 
 
Wstd 
 [m/s] 
 
 
ob
 
   
MEASUREMENTS 
SET 1 
 
0.005883 
 
0.019171 
 
0 
MEASUREMENTS 
SET 2 
 
0.005984 
 
0.019259 
 
0 
MEASUREMENTS 
ET 3 
 
0.002221 
 
0.017358 
 
S 0 
 
STANDARD 
D  
MESUREMENT POINT 
U d 
[m/s] 
V std 
[m/s] 
Wstd 
[m/s] 
EVIATION AT
2 
 
 
 
 st
 
 
 
 
 
MEASUREMENTS 
SET 1 
 
0.  0.  005102
 
019001
 
0 
MEASUREMENTS 
SET 2 
 
0.  0.  005590
 
019501
 
0 
MEASUREMENTS 
0.0 2 0.0 3 SET 3 
 
0558
 
1847
 
0 
 
STANDARD 
DEVIAT T 
T 
U
 
V
[m  
 
Wstd 
[m  
ION A
MESUREMENT POIN
3 
 
 
 
std 
/s][m  
 
 
std 
/s]
 
/s]
MEASUREMENTS 
SET 1 
 
004547 0. 0.
 
018564 
 
0 
MEASUREMENTS 
ET 2 S
 
0.004640 0.017641 0 
  
MEASUREMENT
SET 3 
S 
0.0 2 0.0 0 
 
0505
 
1739
 
0 
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Table 7.6:    Coordinates X [mm], Y [mm], Z [mm] represent three-point measurement  
ental test at 10 RPM i
 
 
 
 
 
 
 
COORDINATES OF 
 
X 
 
Y 
m 
 
Z 
mm 
 
                locations for second LDV experim nput speed. 
MEASUREMENT 
POINT 1 
mm m
MEASUREMENTS 
SET 1  
 
-19.9956 
 
0.0038 
 
0.9963 
MEASUREMENTS 
SET 2  
 
-19. 56 
 
0.0038 
 
0.9963 99
M
-
EASUREMENTS 
SET 3  
 
19.9956 
 
0.0038 
 
0.9963 
 
COORDINATES OF
MEASUREMENT 
 
POINT 2 
X 
  
mm 
 
mm 
Y 
mm 
Z 
MEASUREMENTS 
0.9971 SET 1  
 
-44.9994 
 
-0.0109 
 
MEASUREMENTS 
SET 2 -44. -0.0109 0.9971 
 
9994 
  
MEA TS 
-  
SUREMEN
SET 3  
 
44.9994
 
-0.0109 
 
0.9971 
 
COORDINATES OF X 
 
Y 
 
Z 
mm MEASUREMENT 
POINT 3  
 
mm mm 
MEASUREMENTS 
SET 1 0.
 
-74.999 
 
0.017 
 
9948 
MEASUREMENTS 
SET 2 0.
 
-74.999 
 
0.017 
 
9948 
MEAS  UREMENTS
SET 3   
 
-74.999 
 
0.017 
 
0.9948 
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7.7Table : Individual measurements of velocity mponents U, V and W recorded for use in 
                   calculations of means at locations Pi (i = 1, 2,3) shown in Figure 7.1 
 
 
 
 
 
MEASREMENTS 
NUMBER 
ON POINT 1 
 
U  
pts 
 
V  
pts 
 
W  
pts 
 co
 
   
MEA  
SE 4 6 
SUREMENTS
T 1 
 
2365
 
483
 
 0
MEASUREMENTS 
SET 2 
 
22488 
 
7512 
 
0 
MEASUREMENTS 
SET 3 
 
22711 
 
7289 
 
0 
 
MEASREMENTS 
NUMBER 
 
pts pts pts 
ON POINT 2 
 
U  
 
 
V  
 
W  
MEASUREMENTS 
SET 1 22375 7625  
   
0 
MEASUREMENTS 
SET 2 
 
22386 
 
7614 
 
0 
MEASUREMENTS 
22657 
 
7343 
 
0 SET 3 
 
 
MEASREMENTS 
NUMBER 
ON POINT 3 
U  W 
 
 
 
pts 
 
 
V  
pts 
 
pts 
MEASUREMENTS 
ET 1 21950 8050 S
   
0 
ME
 
ASUREMENTS 
SET 2 
 
21898
 
8102 
 
0 
MEASUREMENTS 
SET 3 22001 7999 0 
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Mean velocity component Umean , d Wmean shown in Table 7.8 were determined from 
velocity measurements over the running time required for turbulence fluctuation to average 
off: 
 
 
Table 7.8: Mean velocity component measurements Umean , Vmean  and Wmean 
 
MEAN AT 
MESUREMENT          
POINT 1 
 
 
Umean 
[m/s] 
 
 
Vmean 
[m/s] 
 
Wmean 
[m/s] 
 Vmean  an
 
MEASUREMENTS 
SET 1 
 
0.016358 
 
0.056014 
 
0 
MEASUREMENTS 
SET 2 
 
0.016088 
 
0.055066 
 
0 
MEASUREMENTS 
SET 3 
 
0.016659 
 
0.055615 
 
0 
 
MEAN AT 
MESUREMENT          
POINT 2 
 
 
Umean 
[m/s] 
 
 
Vmean 
[m/s] 
 
Wmean 
[m/s] 
MEASUREMENTS 
SET 1 
 
0.015617 
 
0.055752 
 
0 
MEASUREMENTS 
SET 2 
 
0.016088 
 
0.055066 
 
0 
MEASUREMENTS 
SET 3 
 
0.016659 
 
0.055615 
 
0 
 
MEAN AT 
MESUREMENT          
POINT 3 
 
 
Umean 
[m/s] 
 
 
Vmean 
[m/s] 
 
Wmean 
[m/s] 
MEASUREMENTS 
SET 1 
 
0.008777 
 
0.055752 
 
0 
MEASUREMENTS 
SET 2 
 
0.008678 
 
0.037881 
 
0 
MEASUREMENTS 
SET 3 
 
0.008648 
 
0.03843 
 
0 
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Standard velocity component deviation at measurement points Ustd , Vstd  and Wstd shown in 
able 7.9 were determined from velocity measurements over the running time required for 
rbulence fluctuation to average off: 
Table 7.9: Standard deviation at measurement points Ustd , Vstd  and Wstd
 
STANDARD 
DEVIATION AT 
MESUREMENT POINT 
1 
 
 
 
Ustd 
[m/s] 
 
 
 
Vstd 
[m/s] 
 
 
Wstd 
[m/s] 
T
tu
 
 
MEASUREMENTS 
SET 1 
 
0.019875 
 
0.027673 
 
0 
MEASUREMENTS 
SET 2 
 
0.019975 
 
0.027166 
 
0 
MEASUREMENTS 
SET 3 
 
0.019841 
 
0.027589 
 
0 
 
STANDARD 
DEVIATION AT 
MESUREMENT POINT 
2 
 
 
 
Ustd 
[m/s] 
 
 
 
Vstd 
[m/s] 
 
 
Wstd 
[m/s] 
MEASUREMENTS 
SET 1 
 
0.019350 
 
0.033914 
 
0 
MEASUREMENTS 
SET 2 
 
0.019519 
 
0.033883 
 
0 
MEASUREMENTS 
SET 3 
 
0.020260 
 
0.034050 
 
0 
 
STANDARD 
DEVIATION AT 
MESUREMENT POINT 
3 
 
 
 
Ustd 
[m/s] 
 
 
 
Vstd 
[m/s] 
 
 
Wstd 
[m/s] 
MEASUREMENTS 
SET 1 
 
0.010588 
 
0.032605 
 
0 
MEASUREMENTS 
SET 2 
 
0.010625 
 
0.032694 
 
0 
MEASUREMENTS 
SET 3 
 
0.010444 
 
0.032694 
 
0 
 
 
Three sets of measurement data acquired at three locations (shown as P1, P2 and P3 in  
Figure 7.1) are connected by interpolated graphs shown in Figure 7.4 and Figure 7.5.  
 170
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Data located on the individual measurement points shown on the graphs in Figure 7.4 and 
 for 
asurement points is selected by a 
omputer program; therefore the accuracy of data extracted from any of these graphs is 
inadequate for the LDV data analysis. Therefore the graphs shown in Figure 7.4 and  
ts is 
completed. 
 
[1] AIAA, 1995: “Assessment of Wind Tunnel Data Uncertainty”, AIAA  S-071-1995 
 
[2] ANSI/ASME, 1985: “Measurement Uncertainty: Part 1, Instrument and Apparatus”, 
3] Dobson, A. J.: “Introduction to Statistical Modelling”, 1983, by Chapman and Hall Ltd. 
ted in 
ill 
Figure 7.5 for two rotational speeds of the supercharger driving rotor (10 RPM and 
respectively 5 RPM) are selected through electronic processing. The interpolation scheme
construction of all graphs between the reference me
c
Figure 7.5 are only used for experiment trend visualisation after each set of measuremen
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8 STRATEGIES FOR DESIGN OPTIMISATION OF   
ROTORS IN TWIN-SCREW SUPERCHARGERS 
 
8.
 
At t og ised that with 
the rrent t chnolo ot  model can only 
be validated with test data, also discusse ], “Mathematics in 
Science and Technology” Vol. 92, Chapter 9 - “The Search for optimal system conditions”:  
 
bs f … stochasticity, optimum-seeking methods and strategies…can be used 
in the search for the optimal response from a deterministic simulation model”. 
rotor design 
r 
r 
 
arametric mathematical model of the twin-screw 
 the research presented in this thesis. 
  
1   Chapter summary 
he conclusion of the experiment discussed in Chapter 7, it must be rec n
cu e gy, the predicted performance of an optimum CAD r or
d in Chapter 7. As stated in [6
“In the a ence o
 
This Chapter discusses the strategies for optimisation of twin-screw supercharger 
which have been derived from the current research work and are relevant for the main 
research directions presented in this thesis. The rotor design optimisation in twin-screw 
superchargers is generally driven by requirements for high supercharger volumetric 
efficiency, which is enhanced by the rotor geometric design critical for this supercharge
type. The approach for evaluation and optimisation of the twin-screw supercharger roto
geometry in correlation with the supercharger performance is based on comparison of 
different twin-screw supercharger rotor designs at three design levels, defined by: 
 
? Mathematical modelling based on the 3D parametric mathematical model of rotors
This design level is relevant for obtaining the rotor geometry generation and for geometric 
design analysis with the deterministic 3D p
supercharger rotors developed by
 175
? Rotor model simulation based on the specialised CAD Module  
This design level is relevant for the simulation of rotor meshing with clearance within a 
D 
ule integrated with the 3D parametric mathematical 
 
ign approach is a potential addition to the rotor design optimisation process, 
as and directly indicates locations for geometric design 
entification of the optimum rotor profile geometry. 
8.2 List of symbols 
 
suitable CAD interface, which allows rotor model validation through visualisation of CA
rotor models in the specialised CAD mod
model of the supercharger rotors. 
 
? Simulation of the CAD model geometry effects on  the leakage  
This is a design level relevant for obtaining the leakage effects in correlation with the rotor 
geometric design, and for visualisation of the effects of different rotor models on the leakage
in the supercharger.  
 
This rotor des
through visualisation of the rotor geometry in correlation with the clearance. This process 
identifies the local critical leakage are
adjustments leading to the id
 
BH   blowhole 
v   local speed of flow speed 
f '   turbulence intensity 
U                             local velocity components on Ox axis 
V   local velocity components on Oy axis 
U    mean velocity component on Ox axis 
V    mean velocity component on Oy axis 
Uσ                          standard deviations of the mean velocity component U  
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Vσ   standard deviation of the mean velocity component V  
US    standard deviation of velocity component U 
VS    standard deviation of velocity component V    
     
Design optimisation of rotors in twin-screw superchargers is generally driven by 
requirements of high supercharger efficiency. However, obtaining an optimal twin-screw 
supercharger rotor design is limited by the matching of the supercharger performance with a 
particular engine type and engine performance specifications. Therefore, an optimum twin-
screw supercharger cannot be standardised as a stock unit, although correlated with its 
theoretical volumetric efficiency. In consideration of these restrictions, the theoretical 
volumetric efficiency is used as the optimisation criterion for the twin-screw supercharger 
rotor profile design, which is the subject of the research presented in this thesis. Optimisation 
of the rotor design to the volumetric efficiency criterion requires a supercharger parametric 
model, to be able to accurately correlate the supercharger rotor geometry with performance 
parameters through a design method, and a simulation model based on design relationships of 
rotor geometry with the leakage clearance. 
 
n the 
ed 
etween 
    
8.3   Introduction  
                                
8.4   3D parametric mathematical model of the supercharger rotors 
 
8.4.1    Correlation of high performance rotor design parameters based o
            3D mathematical model of the twin-screw rotors and the specialis
            CAD module for rotor design 
 
The twin-screw supercharger has two particular features: the system boundaries are moving, 
the system is not closed and internal leakage occurs through the pressure differential b
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adjacent rotor lobe spaces through four characteristic clearance areas: the inter-lobe sealing 
path, the end sealing path, the top sealing path and the blow hole. The inter-lobe sealing path
has the highest contribution to the overall leakage in the supercharger an
 
d the leakage rate is 
proportional to the rotors sealing line length and is dependent on the rotor geometric 
e
It was believed that the symmetric circular rotor profiles have significant advantages over the 
? 
s when rotors with circular symmetric profiles are used; 
 
which was found beneficial for reducing leakage flow between adjacent working cavities. 
In balance with the above known benefits of the compressor rotors with symmetric profiles, it 
was found ([12] mentioned in Chapter 5 of this thesis) that the extra length they require for 
achieving better efficiency leads to bending and serious distortions hence the requirement for 
even larger sealing line leakage clearance to avoid rotor seizure. Although a remedy to this 
problem was found with a band of coating material over the critical areas, or even with tip 
inserts of rubber blades, or alternative materials such as Teflon, the symmetric rotor profile 
are not satisfactory for the performance of the level required from the supercharger adapted 
for automotive use.  
 
param ters including rotor profiles, rotor length and helix angle. 
 
asymmetric rotor profiles because of: 
? simpler manufacturing;  
through full load discharge with circular symmetric rotor profiles opposing losses of an 
accounts of about 5% from the transmission power in cases when rotors with circular 
asymmetric rotor profiles are used;  
? shorter contact line in case
however the symmetric cycloid rotor profiles showed the advantage of a longer contact line,
 178
Based on experimental data available in literature for twin-screw compressors, it was found 
angular tolerance which is defined with the asymmetric rotor profiles, 
which eliminating the disadvantages of the symmetric profiles, particularly sensitive to 
10] (in 
istic 
ors 
he 
 angular aspect ratio, 
 was found the variation of the transverse relative interlobic area (Figure 5.2). A further 
, which is influenced only by the angular aspect ratio of the suction flank and is not 
 ratio on the compression flank. Based on 
e in literature ([5], [7]), estimates of the leakage through the blow-
e ow losses of as little as 1% or less, given by reduction of the 
he suction side of the asymmetric rotor flanks.  
   
that trials to increase the sealing line length for efficiency improvement with all symmetric 
rotor profiles failed because they were accompanied by the unacceptable increase in the blow  
hole area, which resulted in more losses and lower efficiency. 
It was found that, through the use of asymmetric rotor profiles, the disadvantages of all 
symmetric rotor profiles are eliminated. Using similarity techniques, as discussed in  
Chapter 5, experimental data was re-plotted (provided by [10] and [12] of Chapter 5) to 
illustrate the concept of 
physical factors such as distortions or thermal expansions.  
Based on practical results from measuring and testing many types of samples of industrial 
twin-screw compressors of different brands according to data available from [12] and [
Chapter 5), it was found that typical proportions between geometric elements character
for the asymmetric rotor profiles influence the most critical aspects of rotor design. For 
example, from Diagram 5.1 it is shown that there is consistent dependency of the rot
relative sealing line length with angular aspect ratio, found on the compression side, or on t
suction side of the asymmetric rotor flanks. In dependence with the same
it
similar dependence was found with the relative interlobic volume (Figure 5.3).  
It must be noted that the asymmetric profiles reduce fluctuations in the variation of the blow 
hole area
sensitive to variations of the angular aspect
experimental data availabl
hol  of asymmetric profiles sh
angular aspect ratio on t
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8.5 Investigation of the twin-screw supercharger performance  
          based on the simulation of leakage using the CAD module 
 
The performance of a twin-screw supercharger depends on the nominal volume of the air 
flow through the rotors, and is directly related to the rotor geometry and the leakage. 
Accurate evaluation of losses through the supercharger improves the prediction of efficiency 
and performance of the supercharger. In this context, the level of total losses of the air flow 
through the supercharger rotors is an important component of the optimisation process of this 
type of supercharger.    
 
ce 
 
ponents. The leakage has direct influence on the 
ic 
al 
s 
. 
fluence the 
8.5.1    The influence of losses through leakage on the supercharger performan
Leakage analysis for the twin-screw supercharger has indicated that the mating rotor profile 
geometry generates functional clearances and typical leakage paths between rotors, and also 
between rotors and other supercharger com
supercharger volumetric efficiency. Although each leakage path has a distinct contribution to 
the supercharger performance, air losses through all leakage paths reduce the volumetr
efficiency. Test data [7] shows that there is a limit of the clearance reduction for improving 
the volumetric efficiency, beyond which the volumetric efficiency can be improved by 
reduction of mechanical losses. This suggests that relating the clearance, leakage and tot
losses to different rotor profiles, which are accurately designed in the specialised CAD 
module based on the 3D mathematical model of the supercharger rotors, can potentially 
achieve twin-screw supercharger design optimisation. 
 
The sealing lines and the sealing line clearance have also been identified ([7], [5] et al.) a
factors directly contributing to losses through leakage in the twin-screw superchargers
Variations in the sealing line length in correlation with the rotor geometry in
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internal leakage and the volumetric efficiency. This suggests a design strategy, where the
optimisation of the rotor profile geometry, base
 
d on the principles illustrated in Chapter 5, 
Figure 5.1, Figure
volumetric efficiency.  
 
rew superchargers, presented in Chapter 6, has indicated that the 
ating of rotors generates functional clearances distributed on typical leakage paths. The 
.  
ave the highest leakage flow rate 
ithin the overlapping cavity of the rotors and along the sealing line leakage paths. 
d as 
 
 5.2, and Figure 5.3, can be used for the optimisation of the supercharger 
Leakage analysis in twin-sc
m
clearance paths distributions, and the contribution to the overall leakage of individual 
clearance paths within the twin-screw supercharger, vary with functional parameters
However, it is common for all twin-screw superchargers to h
w
Therefore, the control of leakage in the rotor overlapping cavity is a significant part of the 
optimisation process, as illustrated in paragraph 8.5.2 and Table 8.7.1.   
 
Typically, the internal leakage occurs through the pressure differential (Figure 6.1 and  
Figure 6.2) between the adjacent tooth spaces and through four clearance areas identifie
follows: 
? the inter-lobe sealing path,  
? the end sealing path,  
? the top sealing path and  
? the blow hole  
The above leakage paths are proportional with the sealing line length and are dependent on
rotor geometric parameters, including rotor profiles, rotor length and helix angle. The 
influence of these factors on quantification of the internal leakage is significant for 
optimisation of the twin-screw supercharger efficiency. 
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Of particular interest in this research are the joined compression-discharge cavities, which a
typical of the twin-screw supercharger working process and t
re 
hereby influence the 
upercharger efficiency, are also dependent on the rotor geometry and in particular on the 
 
he 
Identification of explicit relationships between rotor profile design, functional clearance and 
clearances on the leakage paths in the twin-screw supercharger is effective within the 
specialised CAD module presented in Chapter 4, through simulation of rotor meshing. The 
control of the clearance in transverse, normal and longitudinal direction of the rotors is 
obtained through an algorithm incorporated within the CAD module. Clearance can be 
alculated in any individual point on the supercharger rotors. These features are implemented 
etric efficiency by 
etric design parameters from the functional parameters, using 
s
rotor diameter to length ratio and the helix angle. Different helix angles affect the sealing line
length and therefore are important for the inter-lobe and tip leakage passages. Sizes of the 
helix angle above a specific range can cause reduction of the theoretical air volume and 
reduction of efficiency. These factors are acknowledged as part of the intelligent design of t
supercharger rotors and are included in the specialised CAD module, in order to optimise the 
supercharger performance. 
 
c
in the specialised CAD module for design of supercharger rotors through the integration of 
the 3D parametric model of the supercharger rotors in the CAD module. 
 
In order to assess more accurately the variation of the air losses relative to the supercharger 
theoretical volume, it is necessary to simplify the calculation of the volum
separating the geom
dimensional analysis techniques. A definition of the volumetric efficiency as function of the 
rotor geometric parameters only, was extracted: 
0 LK
V
V V
V
η −=                                                                                                                       (8.1)
0
 
 182
where V 0 is the theoretical volume [m3] and VLK [m3] is the total volume of leakage in the 
twin-screw supercharger.  
 
The definition (8.1) was verified for a number of supercharger rotor profiles, symmetric and 
symmetric, obtained in the CAD module by implementation of the 3D parametric 
n important design problem for the supercharger rotors is that of finding a particular set of 
 a method for calculation of the inter-lobe 
volume of a set of rotors by a quadrature formula, using a convenient appr imating function 
le inter- hod used in this research
plication btains the value of the unknown function at a discrete
 of finite differences. However, a better alternative was found as the expansion 
ective function in Chebyshev series, which provides greater accuracy
he value of the unkn unction throughout a selected range of variation for th rotation 
m on angle ons in hebyshev 
eries to provide poly e their applicability to a wide range of 
unctions defined by finite integrals, for which approximation of any accuracy
uncat r optim
rescribed theoretical e method of numerical solution 
of the integral equatio in [1]. This algorithm has 
 in the dule. 
With the purpose of obtaini VLK , which accounts 
for the reduction of the theoretical air volume of a twin-screw supercharger of a specified 
a
mathematical model of the twin-screw supercharger rotors.  
 
A
rotors which gives the closest fit to a specified theoretical volumetric capacity V 0. A 
convenient solution of this problem consists in
ox
for the variab lobe area of the rotors. The met  with this 
particular ap  o  number of 
points by use
of the obj  by obtaining 
t own f e 
ti e or rotati  of the driving rotor. The advantage of using expansi C
s nomial approximations includ
f de  can be 
obtained by tr ion of Chebyshev series expansions. The algorithm fo isation of a 
p  volumetric efficiency V  is based on th0
n with Chebyshev polynomials, presented 
been inserted  software contained in the CAD mo
 
ng the total volume of loss through leakage 
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geometric design, an algorithm for calculation of the total leakage that occurs through the 
vity of
specialised CAD mod ailable in literature ([10] in Chapter 5 and 
[6] in Chapter 3) it is stated that the leakage through the overlapping cavity (through the 
ed 
. As this algorithm is supported 
8.5.2 Optimal  theoretical volumetric efficiency of the twin-screw superchargers  
e rotor profile design allows the selection of 
ency criterion.  
mulation of 
Generally, by reducing the internal leakage, it increases the supercharger volumetric 
e 
need to maintain the discharge pressure ratio favour smaller sizes for the rotors. The rotor 
lobe combination correlated with the transverse interlobic area of the rotors become 
important factors for the air volume supplied and increased output capacity. 
 
overlapping ca  the rotors along the whole rotor length. was also implemented in the 
ule.  From analysis of data av
leakage path 1, i.e. leakage through the sealing line path) of two meshing rotors is express
in percentage of the total leakage in a twin-screw supercharger
by the experimental data available from literature, it is used to predict the volumetric 
efficiency obtained for individual rotor models in paragraph 8.5.2 and Table 8. 1. 
 
 
This numerical strategy for optimisation of th
rotors with optimal rotor profiles, by the maximum volumetric effici
Accurate calculation of the volumetric efficiency variation with the changes in the rotor 
geometric design is integrated with the method for rotor profile optimisation by si
rotor meshing with clearance and leakage using the CAD module. 
 
efficiency. The theoretical air volume depends on the volume defined by the rotor paired- 
cavities and varies with the size and geometry of the rotors and with the supercharger speed.  
 
For the automotive mechanical supercharger driven by the engine, the restricted space and th
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The volumetric efficiency was calculated in four cases for individual rotor models designed 
in the specialised CAD module, from the 3D parametric mathematical model (Table 8.1). 
 
Table 8.1: Theoretical volumetric efficiency in twin-screw supercharger calculated at 15 000 
RPM in four cases of different rotor profile types 
 
 
THEORETICAL 
VOLUME (V0) 
AND  TOTAL 
VOLUME (V ) 
 
 
       ROTOR  PROFILE TYPE 
 
 
    VOLUMETRIC 
     EFFICIENCY 
       ηv [%] 
   MECHANICAL 
D)
LEAKAGE 
LK1
[m3/min] 
                    
       (  max. 10%  
  LOSS ASSUME
 
        
  
 
 
       V01      = 11.34 1. SYMMETRIC, NO CORRECTION      85
      VLK 1 =  0.575 
             GENERATED FROM THE 3D MATHEMATICAL MODEL 
             NOMINAL CENTRE DISTANCE: 65.5 mm 
             TRANSMISSION RATIO: 3:5 
             DRIVING ROTOR SPEED: 15 000 RPM 
 
* 
 
      V02      = 10.883 
 
2.      SYMMETRIC,  ADDENDUM-DEDENDUM CORRECTION  
             NOMINAL CENTRE DISTANCE: 65.5 mm 
             DRIVING ROTOR SPEED: 15 000 RPM             
 
     87.7 
      VLK 2 =   0.249 
 
             GENERATED FROM THE 3D MATHEMATICAL MODEL 
             TRANSMISSION RATIO: 3:5 
 
        V03      = 11.34 
      VLK 3 =   0.476 
 
 
3.      A SYMMETRIC, NO CORRECTION 
             GENERATED FROM THE 3D MATHEMATICAL MODEL 
             NOMINAL CENTRE DISTANCE: 65.5 mm 
             TRANSMISSION RATIO: 3:5 
             DRIVING ROTOR SPEED: 15 000 RPM           
 
     88.4 
 
       V04      = 10.883 
      VLK4 =   0.0164 
 
 
    4.    ASYMMETRIC,  ADDENDUM-DEDENDUM CORRECTION         
             GENERATED FROM THE 3D MATHEMATICAL MODEL 
             NOMINAL CENTRE DISTANCE: 65.5 mm 
             TRANSMISSION RATIO: 3:5 
             DRIVING ROTOR SPEED: 15 000 RPM            
 
     91 
 
 
* The minimum theoretical volumetric efficiency calculated for test rotor models in is table is 85%,  th
    which relates to modified symmetric type rotor profile no correction.  
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The rotors sets were designed to have the same centre distance, rotor length, diameters, lobe 
com and rotor speed. Research aimed at maintaining the profile type, pressure ratio, rotor 
 4.  
oretical volumetric efficiency were obtained by correcting the rotor 
rofile geometry, as shown in Table 8.1. This grapho-analytical strategy allowed the 
iden profile from 
the 
 
For
from lable.  
Fro 1, which returned 
85% or inclusion in the comparison with data shown below, in Figure 8.1 
 
bination 
length, wrap angle, hand of helix angles, and centre distance, as listed in Table 4.1 in Chapter
The numerical calculations demonstrate the dependence of the volumetric efficiency on: 
? the rotor profile type 
? the rotor transverse area and  
? leakage through the leakage clearance in the overlapping area.  
Improvements of the the
p
tification of the asymmetric, corrected rotor profile as the optimum rotor model 
batch of four rotor models considered.  
 validation of the theoretical volumetric efficiency, the comparison with experimental data 
 similar applications had limited results due to the nature of the experimental data avai
m the theoretical volumetric efficiency shown in Table 8.1, only sample 
 efficiency, qualified f
.  
Figure 8.1: Predicted volumetric efficiency function of rotational speed [RPM] and pressure ratio 
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                  (Diagrams constructed with data available in [5]) 
The results of the comparison be e theor and pred volumetric efficiency are 
supported by the geometric similari f the ro es for in pressure ratio 1.8.  
Because the test conditions with results display ure 8 nknown, the deviation of 
the calculated and predicted volumetric ficien be evaluated.  
 
rom the theoretical volumetric efficiency shown in Table 8.1, only sample 1, which returned 
5% efficiency, qualified for inclusion in the comparison with data shown below in Figure 8.2 
 
tween th etical icted 
ty o tor profil  the built-
ed in Fig .1 were u
ef cy can not 
F
8
 
Figure 8.2 Predicted effect of leakage clearance [mm] on supercharger volumetric efficiency 
                (Diagrams constructed with data available in [5]) 
 
he results of this comparison indicate the effect he supercharger 
erformance supported by similarity of rotor profile type, for 0.05 mm leakage clearance between 
e rotors. Because the test conditions associated with the results displayed in Figure 8.2 were 
artially unknown, only the deviation of the calculated and predicted volumetric efficiency were 
  
T  of rotor profile change on t
p
th
p
evaluated and correlated to the change in the supercharger performance, as indicated by the 
volumetric efficiency.  
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 8.5.3   Selection of optimal LDV measurements of flow characteristics  
The LDV test was designed with the purpose surements of the 
speed and turbulence intensi e turbulent fluid flow through the twin-screw 
supercharger prototype. Both th peed an ulence intensity of the flow are dependent 
variables, and for obtaining the highest accu  
assessment method must be adapted prior to accepting the test results.  
 
tal results. Data reduction equations were 
determined for local speed and turbulence intensity of the flow in the test twin-screw 
tions 
tabulated, as shown in T  to Table
 
Precision limits for the average velocity c ts U an lated for 5 RPM with the 
method described in Cha resen ble 8.2  
  
Table 8.2: Mean velocit nents calculated from LDV test measurements at 5 RPM 
TRIAL 
T=200C 
l1=0.02 
 
ean
/s] 
 
vmean
[m/s] 
of acquiring accurate mea
ty of th
e s d the turb
racy for their magnitudes, the uncertainty
The uncertainty assessment for the LDV test summarised in Figure 7.3, Chapter 7 was 
applied in order to obtain optimal final experimen
supercharger. A special selection procedure was followed and data from partial calcula
able 8.2  8.5, below. 
omponen d V calcu
pter 7 are p ted in Ta
y compo
n1=5 
RPM 
um
[m
1 0.005565 0.020602  
2 0.005614 0.022588 
3 0.005666 0.021304 
meanu
 
 
0.0056
[m / s]
15 
meanv
[m / s]
 
 
                            0.021498 
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 Standard deviations for velocity components U and V calculated for 5 RPM with the method 
nts  
 
 
 
 
 
 
 
    The precision limit of the average velocity components U and V at 10 RPM calculated with  
     the method described in Chapter 7 is presented in Table 8.4.  
   Table 8.4: Mean velocity components calculated from LDV test measurements at 10 RPM 
TRIAL 
T=200C 
l1=0.02 
1=10 
RPM 
  
vmean
[m/s] 
described in Chapter 7 are presented in Table 8.3. 
 
 
     Table 8.3: Standard deviation of velocity components calculated from LDV measureme
                      at 5 RPM 
 TRIAL 
T=200C 
l1=0.02 
n1=5 RPM 
STANDARD 
DEVIATION 
σu           
[m/s] 
STANDARD 
DEVIATION 
σv
[m/s] 
1 0.005883 0.019171 
2 0.005984 0.019259 
3 0.006286 0.017358 
STANDARD  
DEVIATION 
 
0.000052 
SU [m/s] 
STAN RD  
DEVIATION 
 
                       0.001856 
DA
Sv [m/s] 
    
 
 
  
n
umean
[m/s] 
1 0.016358 0.056014  
2 0.017 5325 0.0 5366 
3 0.017083 0.055694 
meanu
[m / s]
 
0.016922 
 189
 
        
0.05591333 
meanv
[m / s]
                 
    Standard deviations for velocity components U and V calculated for 10 RPM with the method 
    d cribed in Chap ented in Tabl
     Table 8.5: Mean velocity components calculated from LDV measurements at 1
TRIAL 
l1=0.02 
n1=10 RPM 
STANDARD 
VIA
σu           
[m/s] 
STAND RD 
DE
[m/s] 
es ter 7 are pres e 8.4. 
 
0 RPM 
T=200C DE TION 
A
VIATION 
σv
1 0.019875 0.027673 
2 0.019975 0.027166 
3 0.019841 0.027589 
STANDARD  
S
DEVIATION 0.000328 
U [m/s] 
 
STANDARD  
DEVIATION 
Sv [m/s] 
 
                           0.000328 
 
 
lence intensity were calculated from typical velocity components 
easured with the precision limits determined in the single-test case, and the results presented  
    in a
al LDV experimental test results was used for the selection of the optimal  
    te r
pical LDV measurements results.  
    
    F a  
    Local speed and local turbu
    m
 T ble 8.2, Table 8.3, Table 8.4 and Table 8.5.  
 
    The special procedure developed in Chapter 8 of the thesis for uncertainty assessment and 
    selection of optim
st esults recorded during the experimental test described in Chapter 7. The optimal flow  
    speed in oil was scaled to the flow speed in air, using the principles of dynamic similarity  
    discussed in Chapter 5. Results of the scaling are shown in Table 5.3 in Chapter 3 , where they  
     were  interpreted as ty
ollowing selection of optimal LDV test results using uncertainty assessment and dat
    reduction equations, data recoded in Table 8.6 are interpreted as follows:  
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? optimal velocity components obtained from measurement data in TEST A, at 5 RPM 
oil) 
t B;  
l) 
driving rotor rotational speed and in TEST B at 10 RPM driving rotor rotational speed (in 
lead to extraction of the mean velocity Umean [m/s] and Vmean [m/s] of Test A and Tes
? precision limits for single test obtained from measurement test data in Test A at 5 RPM 
    driving rotor rotational speed and in Test B at 10 RPM driving rotor rotational speed (in oi
    represent standard deviations Uσ [m/s] and Vσ [m/s] of test A and Test B; 
? the resulting flow speed v[m/s] and flow turbulent intensity 'f [m/s] in oil are toleranced 
in accordance with the total uncertainty error calculated for Test A and Test B conditions as 
     shown in Table 8.6, below. 
 
Table 8.6: Optimal LDV experimental test results for mineral oil flow speed and turbulence 
               Intensity 
 
 
VELOCITY 
COMPONENT 
U [m/s] 
 
VELOCITY 
COMPONENT 
V [m/s] 
 
RESULTS 
  
 
TEST A  
 
T=20 C 
l=0.2m 
n1=5 RPM 
 
     
MEAN 
  
 
STANDARD 
DEVIATION 
 
      
MEAN 
 
 
STANDARD 
DEVIATION 
 
 
FLOW  SPEED 
 
v [m/s] 
 
     FLOW 
TURBULENCE 
   INTENSITY 
      f’ [m/s] 
 
0
 
 
 
0.005615 
 
0.000052 
 
0.021498 
 
0.001856 
 
0.02221918± 
±0.002143823 
 
0.023354 
0.019642 
A
 
VELOCITY 
COMPONENT 
U [m/s] 
 
VELOCITY 
COMPONENT 
V [m/s] 
 
RESULTS 
 
TEST   B 
 
T=20 C 
l=0.2m 
n1=10 RPM 
 
     
MEAN 
  
STANDARD 
DEVIATION 
 
     
MEAN 
 
STANDARD 
DEVIATION 
 
 
FLOW  SPEED 
 
    v [m/s] 
 
     FLOW 
TURBULENCE 
   INTENSITY 
      f’ [m/s] 
 
0
  
0.016922 
 
0.000328 
 
0.055691 
 
0.000328 
 
0.058205167± 
±0.001606864 
 
0.056019 
0.055363 
B 
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It must be noted that alternative methods and algorithms for optimisation such as simulated 
s were 
    
 
? The speed of flow calculated at the rotor tip from optimal LDV measurements in mineral 
      oil were scaled to the supercharger driving rotor tip speed by dynamic similarity methods as  
    discussed in Chapter 5. The resulting scaled tip speed values (in air) are shown in Table 5.3  
    in Chapter 5. 
 
 Details of total uncertainty error calculated for Test A and Test B conditions are shown in 
    Table 8.1 for typical LDV test results (in mineral oil) and in Table 8. 6 for optimal test results 
    (in mineral oil) were used to calculate the optimal tip speed v[m/s] used with the LDV test rig; 
 
? The final LDV test result obtained for the tip speed v[m/s] in the reference twin-screw 
supercharger is supported by data available in literature from similar applications.  
    The optimal tangential speed (tip speed) obtained from LDV measurements in the test 
    twin-screw supercharger described in Chapter 5, and shown in Table 5.3 was found 
     v[m/s] = 76.77 m/s. This result was validated by comparison with experimental data [3],  
     published by MAN-GHH, from calculations of the internal efficiency of air screw  
     compressors as function of the driving rotor tip speed and are further discussed by Arbon in  
     [3], pp.27, Fig.2.4, where the optimum driving rotor tip speed is indicated to be within a  
     prescribed speed range of 70 - 80 m/s.  
he results obtained through CAD rotor model geometric design optimisation were validated 
y comparison with the reference test rotors, as shown in Figure 8.3. 
annealing, genetic algorithm, artificial intelligence technologies and neural network
considered and rejected as found to be inappropriate for geometric design optimisation of 
twin-screw supercharger rotor profiles in this research. 
 
Concluding remarks:  
?
 
T
b
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ltidisciplinary design optimisation developed through this 
search, which reduces the computational and manufacturing cost of high efficiency twin-
screw supercharger rotors..   
 
 
 
 
 
 
 
 
 
 
 
In Figure 8.3, the optimised asymmetric rotor model profiles A) and the reference 
asymmetric rotor profiles B) have both the same theoretical volumetric efficiency, 91%.  
However A) is the optimum rotor profile, because the system of corrections which was used
to refine the rotors profile shape of type A) generated a simpler combination of profile curves
on a simpler overall profile shape. This is a significant rotor profile design improvement 
obtained by the method of mu
re
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8       in twin-screw superchargers 
      
Although limited by current computer technology, the CFD simulation has been used in this 
research for its ability to indicate rotor design imperfections and inefficiencies, thus refining 
the geometric design optimisation achieved through the specialised CAD module.  
 
Computational Fluid Dynamics (CFD) has more remarcable impact on the aerodynamic  
design of turbomachinery than in any other engineering application and that also applies to 
a  the twin-screw pact 
of the CFD arises mainly from the shorter design cycles, expected more accurate performance 
prediction, cutting design implementation costs, etc. However, it must be recognized that 
 flow 
model of the CFD software. 
 
With CFD it is now possible to contemplate some improved modelling of the unsteady flow 
and thereby establish the parameters necessary to guide experimental studies. This research is 
not concerned and does not describe the numerical methods or turbulence modelling in any 
detail. This research was not concerned with, and did not describe, the application of CFD 
and provides examples that illustrate how model studies support predictions of interest on a 
prototype such as clearance and leakage in correlation with particular geometric designs of 
the supercharger rotor profiles. 
.6 Computational Fluid Dynamics (CFD) simulation of leakage flow 
the design m king an exception with the design of supercharger. The im
with the current technology, the accuracy of real 3D flow models as distinct from that of the 
numerical methods used in CFD, can only be established by comparison with experimental 
and test data. Currently the main CFD limitations of 3D simulation of leakage flow in twin-
screw supercharger come from the high computational cost associated with CFD running on 
advanced computers and limitation of the real flow model associated with the steady
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 CAD supercharger rotors constructe models of d from the 3D mathematical model of the 
rotors map accurate the pr l area (Figure 8.4 and 
Figure 8.5) and can be transferred through a neutral file format directly into the CAD-CFD 
interface of commercial CFD software. Analysis of rotor profile influence on the clearance 
between flanks on the CAD model of a set of supercharger rotors with symmetric cycloid 
profiles revealed typically suction and compression lobe tip located in extreme positions 
(Figure 8.4 and Figure 8.5) at the end of their relative contact lines. On physical sample 
rotors it can be predicted with consistency that through the radial clearance observed at rotor 
tip, air leakage will occur from the working cavity to the suction side only, as the next 
adjacent cavity cannot be reached due to the shift of contact line. This was identified as the 
clearance where the main losses through leakage occur. This analysis exposes the main 
source of inefficiency of this type of rotors.                                                                                           
ly ofiles and clearance at any cross sectiona
                                     
: 8.4Figure  Symmetric rotor profile         : 8.5Figure  Symmetric rotor profile 
     *   lobe apex at beginning of suction                 *   lobe apex at end of discharge                     
     *   lower extreme location of apex                     *   upper extreme location of apex                                          
Quantitative evaluation of leakage is possible from exact mapping of the clearance location on the 
CAD models. For that purpose the CAD models with accurate geometry of the supercharger 
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rotors, housing, inlet and outlet (Figure 8.6) generated by the CAD module from the 3D model of 
supercharger rotors are exported into a CAD-CFD interface, as shown in Figure 8.6  
                           
             8.6Figure : 3D CAD-CFD interface: 
 
? validation of the CAD models only 
 
                        8.7Figure  
Static 
Pressure 
: 3D-CFD simulation of back flow - Contour of static pressure: 
? representation for trend evaluation only 
? experimental data for validation not available 
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In the CAD-CFD interface, a regular 3D mesh of the supercharger working volume is generated 
and the resulting file is used for the simulation of fluid flow through the supercharger. This 
procedure offers an immediate validation of the CAD models exported in the CAD-CFD 
interface. However the data resulted from the CFD simulation must be compared with 
experimental data for validation.  
 
The numerical mesh of the 3D simulation on the CFD software Fluent 6.2 is computationally 
expensive at the current level of computer technology and the 3D-CFD simulation of the rotors 
with symmetric cycloid profile (referenced by the CAD model in Figure 8.4 and Figure 8.5) run 
time (in wall clock hours) was 7 hours, with mesh details as follows: 622883 tetrahedral cells; 
117606 triangular wall faces; 2042 pressure-outlet faces; 854 triangular pressure-inlet faces; 
1185515 triangular interior faces and 133917 nodes. The 3D-CFD simulation of flow and leakage 
through the twin-screw supercharger currently available indicated the area of maximum static 
pressure being located at the outlet port with the maximum pressure magnitude of 7316 Pascal 
(Figure 8.7).  
                                                                                                                                                                              
The range of static pressur
profile and aspect ratio which influence the supercharger volumetric efficiency for specific rotor 
geometric designs. Therefore when used as a method for rotor profile optimisation, the CFD 
simulation would offer valuable reduction of the supercharger design time. However the results of 
the CFD simulations must be validated before proceeding with a significant design option. 
The 3D vector representation of velocity distribution (Figure 8.8) obtained in transverse cross-
sectional plane shown in Figure 8.8 indicates a high level of the tip leakage and confirms the 
trend displayed by the CAD model shown in Figure 8.4 and Figure 8.5.  
e on the supercharger rotors represents a limiting factor for rotor 
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 8.8Figure :  3D-CFD simulation of air flow with velocity vectors at lobe apex: 
? representation for trend evaluation only 
? experimental data for validation by comparison not available 
              
tatic pressure range and the mass flow rate calculated by the simulation 
tion. Currently due to lack of calibrated experimental data for 
or rotor design purposes.   
r rotors  
 improve  
the supercharger efficiency by identification and reduction of the volumetric loss.  
 
  
However both the s
require experimental valida
validation of simulation results, the CFD simulation is not used f
Experimental tests for static measurements of the air leakage with the supercharge
blocked in the casing were used in the 1940s by Alfred Lysholm who aimed to
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The CFD test simulation design  
The test CAD models used to perform the CFD simulation are shown in Figure8.1 and Figure8.2. 
The simulation was run on brecca-2 Lynux cluster. 
 
Preliminary inputs 
The simulation used the following flow parameters:  
Fluid density [Kg/m3] = 1.225; 
Fluid viscosity [Kg/m.s] = 1.7894e-05 
Fluid = air 
Material (air) ambient temperature = 300 K; 
The turbulent viscosity model = 3d Realizable k ε− model. 
The CFD software used was commercial software FLUENT 6.2.16; 
Discretization: FLUENT control-volume based standard technique; 
Boundary conditions: near wall treatment, with standard wall functions; 
Constant pressure boundary conditions in the inlet and outlet were convenient to use because of 
coupling directly the pressure and velocity and calculated the boundary properties from the 
velocity. 
 
Grid generation  
Selection of grid: T-grid;  
Mesh generated for three volumes was saved in single file type. 
Grid planes and the 3D grid volumes of the test models are shown in Figure 8.9. 
Grid check and description of the CFD test models are shown in Figure 8.10. 
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A 
B 
       Figure 8.9: A) Grid planes and B) Grid 3D volumes of the test models 
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Figure 8.10: Grid check and description of the CFD test models  
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Solve 
nder relaxation technique used default FLUENT values. 
nder relaxation was set to 10-4. 
eration residual used FLUENT default convergence criteria. 
onvergence was monitored dynamically.  
lot of residuals was produced after 3500 .iterations and is shown in Figure 8.11 
U
U
It
C
P
 
Figure 8.11: Plot of residuals after 3500 iterations 
ne of the key hurdles of this type of CFD simulation is to find the total leakage flow rate 
btained for a number of rotor position configurations, selected in accordance with the sensivity 
osition of the driving rotor. The total leakage flow rate distribution is shown in Figure 8.12  
 
O
o
p
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CFD simulation results and analysis 
The rotor arrangement, which resulted through the selection of the rotor lobe combination 3:5, is 
represented as a 2D projection on the rotor transverse plane, for 120 degree rotor cycle, as shown 
on the total leakage flow rate distribution diagram in Figure 8.12. A three lobe rotor rotates anti-
clockwise at ten degree rate, whilst the conjugated five lobe rotor rotates clockwise at six degree 
rate. The rotor position configuration sensivity in the test conditions is set up to be similar to that 
of a previous CFD simulation of symmetric rotors with circular rotor profiles, with data available 
from H.Li, and School of Aerospace, Mechanical and Manufacturing Engineering, RMIT 
University.  
 
The analysis of test results was based on the diagram in Figure 8.12, which shows the total 
leakage mass flow rate reduction for the rotors with symmetric cycloid profile, compared with the 
rotors with symmetric circular profile.  While this result cannot be validated with experimental 
data, due to experimental data unavailability, however the result confirms by comparison the 
er 
r. 
models 
mulation of the leakage flow in the twin-screw supercharger not only through 
ure8.13 
rger, discussed in Chapter 6. 
 
advantages of the symmetric cycloid rotor profile over circular rotor profile, as discussed earli
in this Chapte
 
The 3D-CFD simulation discussed above demonstrates an improvement of the CAD-CFD 
used for the si
improvement of the simulation technique, but also through the quality of leakage flow 
visualisation provided, as shown in Figure 8.13. The leakage flow model shown in Fig
represents a visual confirmation of the pattern of leakage from the leakage map  
(Figure 6.2) of the twin-screw supercha
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          Figure 8.13 Visualisation of typical leakage paths in the CFD simulation rotors 
 
The example shown in Figure 8.13 demonstrates the potential of improved CFD models for 
simulation and visualisation of leakage flow in a twin screw supercharger.  
 
However, for confident use of the CFD simulation directly in the rotor geometric design, 
calibration of the CFD simulation results with experimental data must be undertaken. 
At the present time this process of data calibration is at development stage, pending more 
advanced computer technology.  
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Concluding remarks 
 
The CFD simulation designed demonstrates the development of improved CFD models for 
imulation of leakage flow in a twin-screw supercharger. A set of  CAD models of the test 
w. 
 
run on 
s
supercharger rotors with symmetric cycloid profiles was used for simulation of the leakage flo
The results of this CFD simulation are compared with results obtained from a previous simulation
of a set of rotors with symmetric circular profile. The test rotors are geometrically similar, 
the same centre distance and both CFD simulations use the realizable k ε−  turbulence model.  
ulation 
e development of numerical models for simulation of fluid-solid 
henomena of the type encountered in the twin-screw supercharger, requires an interdisciplinary 
iderations 
supercharger 
y of 
ental data for validation of the CAD-CFD numerical results, a practical approach to the 
verification of CFD simulation is the direct model comparison, as shown in Figure 8.12.  
dels and 
rts shown in Figure 8.3) 
module based on the 3D parametric model of the rotors 
have the degree of accuracy to support the CFD simulation for model comparison.  
 
It is expected that the 3D CAD-CFD method suggested by the example of this CFD sim
could be a potential addition to the CAD module for design, simulation and optimisation of 
supercharger rotors provided it is supported by an adequate system of data calibration. 
 
It must be concluded that th
p
research of both technological and commercial importance. Therefore, the above cons
on the use of the CFD simulation for the design and optimisation of the twin-screw 
rotors were used for evaluation of the method. Based on the current unavailabilit
experim
 
The results of the CFD simulation discussed above show that the supercharger rotor mo
associated supercharger components (such as the inlet and outlet po
designed within the specialised CAD 
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Other optimisation methods based on generic probabilistic algorithms such as the simulated 
annealing, artificial intelligence technologies, neural networks or genetic algorithm were 
considered and excluded as inappropriate for this research. 
ltidisciplinary design optimisation method able to identify the 
optimum rotor profile design through comparison based on the criterion of maximum theoretical 
volumetric efficiency of a twin-screw supercharger represents an extension of the general 
approach for optimisation based on only one optimisation method.  
on for the supercharger rotor models presented in this Thesis is more accurate as it is 
matical and experimental procedures of investigation and design. 
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9 CONCLUSIONS AND RECOMMENDATIONS 
 
Scientific and technical motivation for the research presented in this thesis has been the need 
s, that 
ing. An engineering solution for more efficient engines has 
een considered by research undertaken so far. Supercharging has been identified as a means 
s terest 
ssor 
 of 
this supercharger type depends on the volume and total losses of the air flow through the 
d. Therefore, in order to offer a solution for efficient engine performance, 
firstly there is a need for well defined design criteria, to ensure more efficient performance of 
n
 9.1   Original 
The methodology proposed required the use of a CAD modelling system and testing tools to 
 
for more efficient design methods and tools capable of producing smaller petrol engine
deliver the power of larger engines, yet still being economical and environmentally friendly 
when used for day-to-day driv
b
of boosting engine performance. This has increased interest for superchargers and 
upercharger components to be designed to criteria of higher efficiency. Of particular in
for this research, presented in this thesis, has been the twin-screw supercharging compre
with design adapted for automotive use (the twin-screw supercharger). The performance
supercharger more than on any other of the aspects of its behaviour.  
 
To accurately predict the efficiency of the twin-screw supercharger, accurate supercharger 
design is require
twi -screw superchargers. 
 
research contributions 
 
enable the research to be undertaken. It was evident that these were not available, and out of 
necessity they were formulated and created, and have become a part of the body of this 
research.  
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The unique and specialised design tools created during this research process are described as 
follows: 
 
? A new three-dimensional (3D) parametric mathematical model of the twin-screw 
supercharger rotors. It allows the correlation of the geometric parameters of the rotors with 
the performance parameters. 
 
? An original specialised CAD module for intelligent design of twin-screw supercharger 
rotors. Based on the three-dimensional (3D) parametric model of the rotors, this CAD 
module allows simulation of rotor meshing without the need for extended libraries of 
existing rotor profiles, or large collections of profile curves stored in CAD data bases. 
 
dis mance 
totyping and product 
developme
 
? Des  re for accurate 
measur e ncluding 
formul n n of the 
procedure for selection of optimal test measurements. 
 
ce to allow the export of CAD models into commercial 
nd 
  
? Through the CAD module a new design method evolved. By controlling the clearance 
tribution in key points of the rotor models, better manufacturability and perfor
reliability is achieved, which can significantly reduce the cost of pro
nt.  
ign of an original Laser Doppler Velocimetry (LDV) testing procedu
em nts of flow and leakage characteristics in twin-screw superchargers, i
atio  of the procedure, design and construction of the test rig and desig
? Design of a CAD-CFD interfa
CFD software to a high degree of accuracy enabling the display of the leakage pathways a
the exposure of critical areas of rotor geometric design.  
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9  
 
As outlined in Chapter 2, the main objectives of this research are contained in the set of 
research questions, which were addressed throughout the research work presented in all 
chapters of the thesis. 
 
The research objectives, based on the research questions, focused on the identification and 
development of a methodology for efficient design of twin-screw supercharger rotors with both 
symmetric and asymmetric rotor profiles, that could be adapted to specific performance 
requirements. This research addressed the existing limitations of this type of supercharger 
refle mentary research phases, 
as new technology offered more opportunities to enhance the research methodology through: 
 
A) Dev p
twin ger rotors, as  presented in Chapter 3 and Chapter 4  
 
The ma e
   
contact lines; 
ce parameters; 
? Comparative evaluation of different supercharger rotor profiles.  
f 
ough: 
ile 
.2  Research outcomes 
cted by the literature review findings, and evolved over comple
elo ment of a new three-dimensional (3D) parametric mathematical model of the 
-screw superchar
in f atures of the 3D parametric mathematical model allow: 
? Accurate definition of rotor profiles and 
? Description of the longitudinal mesh of the rotors; 
? Simulation of meshing and better control of internal clearance; 
? Selection and control of leakage for given performan
 
Related research objectives have been addressed by the 3D parametric mathematical model o
the supercharger rotors, thr
? Identification of the main differences between the symmetric and asymmetric prof
types to determine to what extent the two generic profiles share common design and 
performance features. 
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? Identification of the explicit relationships between rotor profile designs, clearances a
leakage p
nd 
aths. 
 clearance and 
d reliability 
 
The main features of the specialised CAD module allow: 
? Integration of the 3D parametric mathematical model with commercial software 
      SolidWorks; 
? Visualisation of geometric design and changes in the 3D mathematical models; 
? Validation of 3D mathematical models; 
? Design correlation of rotor geometric parameters with performance parameters ; 
? Quantification of the effects of specific design criteria on performance; 
? Export of the CAD models to CAD-CFD interface. 
 
Related research objectives are addressed by the specialised CAD module through: 
? Identification of the explicit relationships between rotor profile designs, clearances and 
leakage paths. 
? Evaluation of the rotor-to-housing (tip-to-bore) clearance for both symmetric and 
asymmetric rotor profile types, in order to identify through comparative analysis its 
influence on leakage. 
? Development of the three-dimensional (3D) mathematical model for generation of rotor 
profiles to support different supercharger performance characteristics.  
? Definition of an appropriate method for evaluation of the sealing line
leakage. 
? Definition of optimal asymmetrical rotor profiles for improved efficiency an
and formulation of strategies for optimisation of the twin-screw supercharger. 
 
B) Development of an original specialised CAD module for intelligent design of 
supercharger rotors, as presented in Chapters  4,5,6 and 8  
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? Definition of an appropriate method for evaluation of the sealing line clearance and 
leakage. 
? Identification of the influence of rotor wrap angle on the sealing line leakage and on the 
al asymmetrical rotor profiles for improved efficiency and reliability 
tion of the 3D mathematical model of the twin-screw supercharger rotors*. 
mental 
 
 
The main features of the method for rotor model validation based on experimental data 
from similar applications allow:      
 
? Dimensional analysis and scaling based on similarity principles;                     
? Identification of the leakage paths with the highest leakage contribution to the 
                    leakage loss; 
? Identification of different rotor profiles effects to reducing leakage and 
       improving performance for the same mechanical loss of the supercharger; 
? Identification of different rotor geometry effects on reducing leakage and 
       improving performance for the same mechanical loss of the supercharger; 
 
Related research objectives are addressed by the original method for rotor model validation 
based on experimental data from similar applications, through: 
leakage in the low-pressure and high-pressure sides of the rotor lobe, including the 
assessment of the blow-hole contribution to the losses through leakage. 
? Definition of optim
and formulation of strategies for optimisation of the twin-screw supercharger. 
? Valida
 
C) Development of an original method for rotor model validation based on experi
data from similar applications, as presented in Chapters  4,5 and 7 
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? Identification of the main differences between the symmetric and asymmetric profile 
types to determine to what extent the two generic profiles share common design and 
performance features. 
? Evaluation of the rotor-to-housing (tip-to-bore) clearance for both symmetric and 
ation of the influence of rotor wrap angle on the sealing line leakage and on the 
n assessment through comparison with data 
      It m
      a
      o
      A
      t
dels and research investigations presented in this thesis, specific 
asymmetric rotor profile types, in order to identify through comparative analysis its 
influence on leakage. 
? Definition of an appropriate method for evaluation of the sealing line clearance and 
leakage. 
? Identific
leakage in the low-pressure and high-pressure sides of the rotor lobe, including the 
assessment of the blow-hole contribution to the losses through leakage. 
? Development of a method for new rotor desig
available from similar applications*. 
? Development of an experimental test of high accuracy for rotor design data calibration*. 
 
ust be noted that the research methodology has built on the current body of knowledge  
ccessed through the literature review throughout the research presented in this thesis in  
rder to support the research directions with advanced technology enhancements.  
n asterix marks those research directions that derived from access to new and advanced 
echnology, in order to enable complete answers to the research questions. 
 
 
Stemming from the mo
results include: 
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? Alternative optimised asymmetric rotor profiles for twin-screw superchargers, based on 
volumetric efficiency calculated as performance coefficient from the deterministic 3D 
mathematical model of the rotors, and from the total leakage estimated with a stochastic 
lgorithm; 
iles, 
e supercharger; 
 A method for calculation of fluid tangential speed (tip speed) of fluid in the twin-screw 
cy, developed for use as optimisation criterion 
profile geometric design. 
rew 
cal 
Research Findings 
ular, for the test twin-screw supercharger referenced in this  
research, a tangential linear speed (tip speed) of 76.77 m/s was determined after accurate  
 
a
? A method for comparative evaluation of the cycloid and circular symmetric rotor prof
based on the CFD static simulation of the leakage flow in th
?
supercharger, from optimal LDV measurements of the flow velocity in three orthogonal 
directions; 
? A method for calibration of a reference twin-screw supercharger with asymmetric rotor 
profiles within a well defined dimensional range, from the optimum tip speed calculated 
from optimal fluid flow velocity measurements; 
? A method for accurate calculation of the twin-screw supercharger performance 
coefficient of theoretical volumetric efficien
for rotor 
? A method of multidisciplinary optimisation for symmetric and asymmetric twin-sc
supercharger rotor profiles, which is of a recent and growing sub-field of the optimisation 
program defined for the twin-screw superchargers through the new rotor geometric design 
method developed by this research. This new design method consists in: 3D mathemati
modelling, a deterministic simulation system and mathematical programming for 
optimisation of the rotor geometric design of this supercharger type. 
 
It is observed that in partic
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LDV measurement of flow characteristic, for supercharger rotors with asymmetric profiles.  
iency has been indicated for this particular 
twin-screw supercharger type by the manufacturer’s data.  
ith 
mmetric rotor profiles. However, as illustrated in Figure 8.1, 
parison of the rotor profiles from the test rotor models A) and the reference rotors B) 
 
  It can be concluded that this research addressed the existing limitations of this type of 
      e lack of  
      ric  
      efficiency, high m
      clearance new technology became available, it offered more  
    opportunities to enhance the research methodology, which evolved over complementary 
      e er 2. 
 
This speed was validated through comparison with data from similar rotors from different  
manufacturers. 
 
A maximum 91% theoretical volumetric effic
 
The maximum volumetric efficiency of 91% was also obtained for the test rotor model w
asymmetric profiles generated in the specialised CAD module through optimisation of rotor 
models with symmetric and asy
the com
indicates that the rotor profiles of the test rotor models of type A) have a simpler geometric
design, which was obtained through the rotor profile shape optimisation using the new 
design method developed by this research. 
 
sup rcharger as reflected by the literature review findings. These limitations include: the 
information on leakage clearance size, leakage volume and distribution, reduced volumet
anufacturing cost and poor reliability which resulted from tight edge  
and seizure occurrence risk. As 
  
res arch phases, reflecting the research directions, which are fully explained in Chapt
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 By
s rimental investigation of the 
twin-screw supercharger design and performance. As a result, the following research 
ted in this thesis. 
 
nd 
for the 
t n
 
?
sim athematical model of 
s a model-
b
 
? A CAD-CFD interface as a specialised tool capable of interfacing with commercial 
Computational Fluid Dynamic (CFD) software for simulation of leakage pathways was 
created. This was found to be more powerful when used for rotor profile optimisation than 
neural networks.  
 
? The proposed general methodology for design and optimisation of rotor profiles 
applicable to other related products, such as positive displacement compressors, for a range of 
applications. As part of the design methodology through the 3D mathematical model, it is 
possible to design rotors with zero clearance condition, which is suitable for twin-screw 
9.3   Summary of conclusions and recommendations 
 building on the existing body of knowledge, the research presented in this thesis offered 
ignificant and original contributions to the theoretical and expe
deliverables have been presen
? The 3D parametric mathematical model of the helical rotors which incorporates the 
appropriate degree of generality required for rotor geometry and rotor profile design a
optimisation, supplies a new methodology for generating conjugated rotor profiles 
wi -screw supercharger rotors. 
 The specialised CAD module for twin-screw supercharger rotor design is a part of the 
ulation system obtained through integration of the 3D parametric m
upercharger rotors with commercial CAD software and provides the designer with 
ased, interactive design methodology. 
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compressors design. Therefore, through the development of the specialised CAD module, the 
general methodology developed for design and optimisation of rotor profiles is now available 
for design of other products such as twin-screw compressors. 
 
9.4   Future research 
 ion resulting from the research completed was that research of this  
     type, due to its complexity, could only be successful by combining multi-disciplinary 
   research resources. Future research under consideration will include the following: 
? Calibration of CAD-CFD simulation data with experimental results,  
? Dynamic CFD simulation of flow in twin-screw superchargers; 
? Application of the design method developed to produce twin-screw supercharger rotors; 
? LDV experimental testing of twin-screw supercharger prototypes; 
? Integration of the method for geometric design and optimisation of twin-screw 
     supercharger rotors with fluid-dynamic and thermodynamic behaviour and procedures. 
 
 
 
 
 
    A significant conclus
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eynolds Transport Theorem 
y. In turbo machinery fluid mechanics, however, we are dealing with 
pen systems where the mass flow continuously crosses the system boundary. To apply the 
conservation lows to the turbo 
athematical background.  
he volume integral of an arbitrary field quantity f (X, t) must be treated by deriving the 
Reynolds transport theorem. 
The field quantity f (X, t) may be a first or second order tensors valued function, such as mass, 
me dependent volume under consideration with a given 
time dependent surface moves through the flow field and may experience dilatation, compression 
and deformation. It is assumed to contain the same fluid particles at any time and therefore, it is 
called the material volume. The material volume integral of the quantit
APPENDIX A 
 
R
The conservation lows in integral form are valid for closed systems, where the mass does not 
cross the system boundar
o
machinery components must be provided the necessary 
m
T
velocity vector, and stress tensor. The ti
y f (X, t): 
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( )
( ) ( , )F t f X t dv= ∫                     
t
 
V
                                                                                   (A.1) 
 
is a function of time only. The material change of the quantity F (t) is expressed as: 
( )
( ) ( , )
tV
DF t D f X t dv
Dt Dt
= ∫                                                                                                (A.2) 
the differentiation and integration cannot be 
terchanged. However the Equation (A.2) permits the transformation of time dependent volume 
v (t) into a fixed volume v0 at a time t = 0 by using the Jacobian transform
Since the shape of volume changes with time, 
in
ation function:  
 
0
0
( ) ( , )DF t D
v
f X t Jdv= ∫                                                                 Dt Dt                              (A.3) 
 
With this operation in Equation (A3), it is possi
nd integration: 
ble to interchange the sequence of differentiation 
a
 
0
0
( ) ( ( , ) )DF t D
v
f X t J dv= ∫                    Dt Dt                                                                        (A.4) 
 
 
0
0
vDt Dt Dt⎝ ⎠
 
( ) ( , ) ( , )t D DJJ f X t f X t dv⎛ ⎞= +⎜ ⎟∫                                                                   (A.5) 
he material derivative of Jacobian function, from Equation (A.5) results: 
 
DF
Introducing t
( )
( ) ( , ) ( , ) ( , )
v t
DF t f X t V f X t f X t V dv
Dt t
∂⎛ ⎞= + ⋅∇ + ∇ ⋅⎜ ⎟∂⎝ ⎠∫                                                (A.6)  
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permits the back transformation of fixed volume integral into a time dependent volume integral i
which the first term can be written: 
                                                                                                                  
n 
       
  
Df f V f
t
∂= + ⋅∇∂                                                                                                             (A.7) 
y development (A.7) becomes: 
Dt
 
 
 
B
 
 
( )
( ) ( , ) ( , ) ( , )
v t
DF t f X t V f X t f X t V dv
Dt t
∂⎛ ⎞= + ⋅∇ + ∇ ⋅⎜ ⎟∂⎝ ⎠∫                                                (A.8)  
rule applied to the second and third term in Equation (A8):  
 
 
The chain of 
( )
( ) ( , ) ( ( , )
v t
DF t f X t f X t V dv
Dt t
∂⎛ ⎞= +∇ ⋅ ⋅⎜ ⎟∂⎝ ⎠∫                                                                   (A.9) 
e integral in Equation (A.9) can be converted into a surface integral by 
applying the Gauss’ divergence theorem: 
 
The second volum
 
( ) ( )
( ( , ) ) ( , )
t tv S
f X t V dv f X t V ndS∇⋅ = ⋅                                                                         (A.10) 
here V represents the flux velocity and n the unit vector normal to the surface. After 
bstitutions, the final equation is Reynolds transport theorem: 
∫ ∫
 
w
su
 
( ) ( )
( ) ( , ) ( , )
( )v t S t
DF t f X t dv f X t V ndS
Dt t
∂= + ⋅∂∫ ∫                                                              (A.11) 
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Equation (A.11) is valid for any system boundary with time dependent volume V(t) and surface 
(t) at any time, including the time t = t0, where the volume V = Vc and the surface S = Sc 
Vc and Sc are the control volume and control surface. 
 
 
 
 
S
assumed fixed values. 
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APPENDIX B 
 
 
Reynolds Number Criterion of Dynamic Similarity  
The g quantities: fluid density ρ, fluid kinematic 
viscosity υ, stream speed V, and fluid bulk elasticity K. If, however, attention is confined to 
geometrically similar bores, the effects of shape as such will be eliminated, and the size of the 
body can be represented by a single typical dimension; e.g. the sphere diameter, or the wing span 
of the model aeroplane, denoted by D. Then, it is follows the method above: 
 
 = f (V, D, ρ, υ, K) = ∑ C Va Db ρc υd Ke                                                                      (B1) 
 dimensional form this becomes 
2 a b 3 c 2 d 2 e                        (B2) 
 
Equating indices of mass, length and time separately leads to the three equations: 
(Mass)                1 =  c + e 
  (Time)              -2  = -a - d - 2e 
 F = V D ρ  υ K   =  ρ V D  (υ/VD)  (K/ ΡV )                                               (B4) 
 aerodynamic force, F depends on the followin
F
 
In
 
[ML/T ] = [(L/T) (L)  (M/L ) (L /T) (M/LT ) ]                                     
 
 
  
  (Length)             1 =  a + b – 3c + 2d – e                                                                      (B3)  
 
The aerodynamic force equation becomes: 
 
2-d-2e 2-d 1-c d  e 2 2 d  2 e
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The speed of sound is given by:  
 
a2 = γ p /ρ = K/ ρ                                                                                                                        (B5)   
 
Then:  
                                
ρV2 = ρa2/ ρV2 = (K/ 
a
V ) 2                                                                                                           (B6)         
 
V
a  is the Mach number, M, of the free stream.  
herefore the aerodynamic force equation may be written as  
 = ρV2D2g (VD/ν) h (M)                                                                                                           (B7)                                  
here g (VD/ν) and h (M) are undetermined functions of the stated compound variables. 
hus it can be concluded that the aerodynamic forces acting on a family of geometrically similar 
 including the orientation of the stream), obey the law: 
/ρV2D2= function {VD/ VD/ν; M}                                                                                           (B8) 
h’s equation. The term VD/ν may be also be written from the 
efinition of ν, as ρVD /µ which is the Reynolds number.  
 the values of Re (Reynolds number) and M are the same for a number of flows around 
eometrically similar bodies, it follows that all flows are geometrically similar in all respects, 
iffering only in geometric scale and /or speed. This is true even though some of the fluids may 
 
T
 
F
 
w
 
T
bodies (the similarity
 
F
 
This relationship is Rayleig
d
If
g
d
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be gaseous and the others liquid. Flows that obey these conditions are said to be dynamically 
milar and the concept of dynamic similarity is essential in wind-tunnel experiments.   
e effects of compressibility can be disregarded for Mach numbers less than 
3 to 0.5 and in cases where this limit is not exceeded, Reynolds number may be used as the only 
iterion of dynamic similarity.       
 
 
 
 
 
 
 
 
 
 
si
For most flows, that th
0.
cr
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APPENDIX C 
eynolds Averaging in Turbulent Flows  
urbulent flow is a complex motion that is fundamentally three-dimensional and highly unsteady. 
igure C.1represents a typical variation of flow is defined by flow variable
 
 
 
R
 
T
F f , such as velocity or 
ressure, with time at a fixed point in a turbulent flow. The usual approach in engineering, 
riginated with Reynolds, is to take a time average. Thus the instantaneous velocity is given by  
p
o
'f f f= +                                                                                                                                 (C.1) 
here the time average is denoted byw  ( )  and ( ) 'denotes the fluctuation. The strict 
athematical definition of the time average is  m
0
0
lim ( , , , ) ( ') '
T
T
f f x y z t t t dt→∞= =∫ +                                                                                          (C.2) 
here w  0t is the time at which measurement is notionally begun. For practical measurements T is 
erely taken as suitably large rather than infinite. 
lthough the time average of fluctuation is zero by definition, as suggested by Figure C.1), the 
me average of a product of fluctuation including the function square in general is not equal to 
ro
m
A
ti
ze . 2' 'u u u=  >0 
hen the turbulence flow is time-averaged and velocity components W u  and ν  are taken for f in  
uation (C.1), for a fluid of densityeq  ρ  the expression 2uρ− takes on the character of direct  
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stress and the turbulent flow expression ' 'uρ ν−  takes on the character of shear stress.  2uρ−  
and  ' 'uρ ν−   are known as Reynolds stress (turbulent stress). 
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Tar stress is expected to be very much greater than the viscous shear stress. 
hese results by comparing rough order-of-magnitude estimates of Reynolds shear stress and 
urbulent Flow Stress 
 
A wall has a damping effect on the turbulent fluctuation. Away from immediate influence of the 
wall, the Reynolds she
T
viscous shear stress, i.e.: 
 
' ' . . uu v c fρ µ ∂−
y∂                                                                                                                 (C.3) 
 
Turbulence is a phenomenon that only occurs at large Reynolds numbers, and for large values of 
Re the viscous shear stress will be negligible compared with the Reynolds shear stress.  
Eddy viscosity Tε  , was introducing as an analogy between viscous and Reynolds shear stress. 
viscous shear stress
τ =
14243
      
u
y
µ ∂∂
. .c f      
2 2
Re
:
ynolds shear stres
uu vρ ρεT
s
y
∂− = ∂144424443
        Tε   >>   ( /v )µ ρ=                           (C.4) 
where 
 
µ  is d  vynamic iscosity and ν     is fluid kinematic viscosity 
For simple turbulent free shear layers, it is a reasonable assumption to assume that eddy viscosity 
cular cross s
 
varies in the streemwise direction but not across a parti ection. Thus, using simple 
dimensional analysis Prandtl and Reichardt proposed that: 
 
{ { {
.
T
Velocity difference across sear layer shear layer widthconst
k Uε δ
−
= × ∆ ×
                                                               (C.5) 
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k  is often called the exchange coefficient and it varies with the flow type. Equation (C.5) gav
excellent results and has been used to determine the variation of the overall flow characteristic
e 
s in 
streamwise direction. 
 
 
Turbulent Flow Calculation with k -ε   Method 
 
 
nother version of eddy viscosity equation (by Laufer-1954) is: 
 
A
T ekUε δ=                                                   
he 
                                                                               (C.6) 
 
T  κ ε−
turbulent flows. The 
as a typical two equation method, is the most widely used method for calculating 
κ ε−  model is incorporated into most commercial CFD software. The basis 
of the κ ε−  and most other two-equation models is a
imensional reasoning and taking the form: 
n eddy-viscosity formula based on 
d
 
1/ 2
T C kµε = l          Cµ      is an empirical constant                                                                    (C.7) 
 
Note that the kinetic energy per unit mass,
2 2 2( ' ' ' ) / 2k u v w≡ + +  Some previous two-equation 
models derived a transport equation for length-scale l .Based on dimensional reasoning, the 
κ ε−  model took: 
 
3/ 2 /k ε=l                                                                                                                                  (C.8) 
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where  ε  is the viscous dissipation rate per unit mass and should not be confused with eddy 
viscosity εΤ  A transport equation for  ε  was then derived from the Navier-Stokes equations. 
Both these equations for ε  and the turbulence kinetic energy k  contain terms involving 
additional unknown dependent variables. These terms must be modelled semi-empirically. 
For flows at high Reynolds number the transport equations for k  and  ε  are modelled as follows: 
: Turbulence energy
 
2
T
T
k
Dk k u
Dt y y y
ρερ ρε ρεσ
⎛ ⎞⎛ ⎞∂ ∂ ∂= + −⎜ ⎟⎜ ⎟∂ ∂ ∂⎝ ⎠ ⎝ ⎠                                                                               (C.9) 
 
 
2 2
1 2
T
T
k
D uC C
Dt y y k y k
ρεε ε ε ρρ ρεσ
⎛ ⎞⎛ ⎞∂ ∂ ∂= + −⎜ ⎟⎜ ⎟∂ ∂ ∂⎝ ⎠ ⎝ ⎠
ε
                                                            (C.10) 
hese equations contain 5 empirical constants which are usually assigned the following values: 
 
T
 
1 2(0.09); (1.55); (2.0); (1.0); (1.3)kC C Cµ εσ σ  
here w  kσ and τσ are often named as effective turbulence Prandtl numbers. 
urther modifications of equations (B2.3) and (B2.4) is required to deal with relatively low 
eynolds numbers. 
he
F
R
T  κ ε−  model is intended for computational calculations of general turbulent flows. It is 
estionable whether it performs any better than, or even as well as, the zero-equation models for 
undary layers. But it can be used for more complex flows, although the results should be 
ewed with caution.  
qu
bo
vi
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A common misconception amongst practising engineers who used commercial CFD packages 
ntaining the co κ ε−  model is that they are solving the exact Navier-Stokes equations. They are, 
 of equations that contains several approximate semi-empirical formulae, 
cluding the eddy-viscosity model described above. Real turbulent flows are highly unsteady and 
ree-dimensional.  
The best result using 
in fact, solving a system
in
th
 
κ ε− or any other similar turbulence model, is an approximate result that 
ives guidance to some of the features of the real turbulent flow. 
 
 
 
 
 
 
 
g
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PPENDIX D 
eneric SRM Parametric D- Profile 
fter L. Rinder) 
 
1. Driven rotor profile definition  
egment A2B2 – circular arc, with point C centre, radius r1, between angles φ1 and φ2. 
egment A2K2 – circular arc, tangent to A2B2 in A2, centre in M. 
egment O2K2 – radius perpendicular on MK2. 
ment K2I2 – filet radius for flank addendum. 
egment I2G2 – circular arc with radius R2 
egment B2N2 – elongated epitrochoid segment generated by point B1 
rc N2P2 – is a line segment collinear with O2N2 
2. Driving rotor profile definition 
egment A1B1 – circular arc, identical with A2B2. 
egment A1K1 – elongate epitrochoid, generated by point M. 
egment A1K1 is conjugated to segment A2K2. 
egment K1I1 – filet radius for flank deddendum. 
Segment I1J1 is conjugated to segment I2J2 
Segment B2N2 – elongated epitrochoid segment generated by point B1  
Arc B1N1 – is a curtate epitrchoid generated by point N2. 
A
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 Figure D1: SRM  Parametric D-Profile (After L.Rinder) 
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APP I
 
 
 
General Equations for Classic Helical Rotor Profile Analysis  
 
 
 
 
 
 
 
 
 
 
Figure E.1: Cartesian coordinate systems for profile analysis 
END X E 
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The coordinate system as shown in figure A1 is used to describer profiles and is part of the 
basics in describing profiles, 1 1 1O X Y  and 2 2 2O X Y are two coordinate systems, with origins 
1O  and 2O  coinciding with the centres of the male and female rotors. Planes 1 1X Y  and 2 2X Y , 
are normal to the rotation axis of rotors which pass through 1O  and 2O . Coordinates systems 
1 1 1o x y  and 2 2 2o x y are two rotating systems which rotate with male and female rotors. 
Their origins 1o  and 2o  coincide with the centres of the male and female rotors respectively. 
 
At the start position 1 1 1o x y  coincides with 1 1 1O X Y , and 2 2 2o x y coincides with 2 2 2O
 interval the male rotor, which is,
X Y . After 
a time 1 1 1o x y , rotates around the centre 1 1( )O o by an angle 
1ϕ anticlockwise, and the female rotor, which is, 1 1 1o x y , rotates around the centre 2 2( )O o  by 
an angle 2ϕ clockwise. The transmission ratio i  from the male rotor to the female rotor, 
which is constant with time, is given by the following equations: 
2 2 2mrzi
z r1 1 1f
ϕ ω
ϕ ω= = = =                                                                                                        (E.1) 
The following two equation systems are the transform equations of coordinates between the 
two rotational coordinate systems: 
1 2 1 2 1
1 2 1 2 1
cos sin cos
sin cos sin
x x k y k A
y x k y k A
1
1
ϕ ϕ ϕ
ϕ ϕ ϕ
= − − +⎧⎨ = − + +⎩
                                                                          (E.2)   
 
2 1 1 1 1
2 1 1 1 1
cos sin cos
cos sin sin
1
1
x x k y k A i
y x k y k A i
ϕ ϕ ϕ
ϕ ϕ ϕ
= − − +⎧⎨ = − + +⎩
                                                                         (E.3) 
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The generation of the envelope to a set of curves, that is, a rotor profile in this case, requires a 
mathematical method which gives the mating rotor profile equations. A given segment on 
male of female p
parametric equations: 
rofile may be described by the following  
 
2 2
2 2
( )
( )
x x t
y y t
=⎧
=⎩
                                                                                                                         (E.4) 
 
⎨
hen substituted into equation (A1.2) a set of curves is obtained in the system W
1 1 1o x y described by the following equations: 
 
1 1 1
1 1 1
( , )
( , )
x x t
y y t
ϕ
ϕ
=⎧
=                                                                                                                      (E.5) 
This set of curves generates an envelope which is the mating segment on the male profile. 
Between envelo
curve have a common tangent. The slope of this tangent at any point in the envelop can be 
btained by differentiation of equation (A1.5): 
⎨⎩
 
pe and any curve of the set there is a contact point, which both envelope and 
o
 
1 1 1
11
y y
t tdy
dx
ϕ
ϕ
⎛ ⎞
1 1 1 1
1
dt
x x dt
t t
ϕ
ϕ
∂ ∂+⎜ ⎟∂∂ ∂
∂ ∂ ∂+ ∂ ∂
∂⎝ ⎠= ⎛ ⎞⎜ ⎟∂⎝ ⎠
   E.6) 
The slope of
                                                                                              (
 
 the tangent at any point in any curve of the set for which 1ϕ equals a constant 
can also be obtained by the differentiation of equation (E.5) 
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 1y dt∂⎛ ⎞
1
11
t
xdx dt
t
⎜ ⎟∂⎝ ⎠= ∂⎛ ⎞⎜ ⎟∂⎝ ⎠
                                                                                                                   (E.7) 
 
The above two slopes are equal at the contact point where the envelope and any curve of the 
mmon tangent. Equating the right hand side of equations (E.6) and (E.7), gives the 
following equations: 
 
dy
set have co
1 1 1 1 0x y∂
1 1
x y
t tϕ ϕ
∂ ∂ ∂− =∂ ∂ ∂ ∂
 
                                                                                                        (E.8) 
 
or 
1 1
1
1 1
1
0
x x
t
y y
t
ϕ
ϕ
∂ ∂
∂ ∂ =∂ ∂
∂ ∂
                                                                                                                    (E.9) 
 
This equation is called the envelop condition equation or the conjugate condition equation. It 
is an equation of implicit function which describes the relationship between the parameter t  
and rotation angle of male rotor 1ϕ , so that it can be represented simply by the following 
equation: 
 
1( , ) 0f t ϕ =                                                                                                                        (E.10) 
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The simultaneous equations (E.5) and (E.10) define the mating segment on female rotor 
profile for a chosen segmen
 
t on male rotor profile: 
1 1 1
1 1 1
1
( , )
( , ) 0
y y t
f t
( , )x x t ϕ
ϕ
ϕ
⎪ =⎨
=⎩
                                                                                                    (E.11
=⎧
⎪
) 
 
A given segment in the profile of the male rotor, is represented by the following equations: 
 
1 1
1 1
( )
( )
x x t
y y t
=⎧⎨ =⎩
                                                                                                                        (E.12) 
 
Substituting these equations into (A1.3), gives a set of curves in the coordinate system 
2 2 2o x y as follows: 
 
2 2 1
2 2 1
( , )
( , )
x x t
y y t
ϕ
ϕ
=
=                                                                                                                   (E.13) 
⎧⎨⎩
 
By the same method the following envelop condition equations are obtained: 
2 2
1
2 2
1
0
x∂ x
t
y y
t
ϕ
ϕ
∂
∂ ∂ =∂ ∂
∂ ∂
                                                                                                                 (E.14) 
The simultaneous equations (A1.12) and (A1.13) define the mating segment in the female 
rotor profile for a chosen segment in the male rotor profile: 
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2 2 1
2 2
( , )
( ,
x x t
y y t 1)
( , ) 0f t 1
ϕ
ϕ
ϕ
⎪
=
                                                                                                (E.15) 
                                          
(E.2) (E.3) (E.9) and (E.13), which are the most important and widely used equations in the 
athematical analysis of profiles, the following equations often used: 
? At contact point of the mating rotor profiles, for a chosen rotation angle of male rotor, the 
erivatives of the profiles have the following relationship: 
=⎧
=⎨⎪⎩
      
m
 
d
1 2
1cos kdt dt
2
1sin
dx dx dy k
dt
dt dt dt
ϕ
1 2 2
1 1sin cos
dy dx dyk k
ϕ
ϕ ϕ⎪ = − +
⎧
⎨
⎪⎩
                                                                                 (E.16) 
= − −⎪⎪
2 1 1
1 1
2 1 1
1 1
cos sin
sin cos
dx dx dyk k
dt dt dt
dy dx dyk k
dt dt dt
ϕ ϕ
ϕ ϕ
⎧ = − −⎪⎪⎨⎪ = − +⎪⎩
                                                                                 (E.17) 
 
 The transform equations of the coordinates from the rotational systems to the static 
 
?
systems are as follows: 
 
     1 1 1 1 1
1 1 1 1 1
cos sinX x y
sin cosY x y
ϕ ϕ
ϕ ϕ= − +⎩
= +⎧⎨                                                                                         (E.18) 
 
    2 2 1 2 1
2 2 1 1 1
cos sin
sin cos
X x i y i
Y x i y i
ϕ ϕ
ϕ ϕ= − +⎩ ) 
= +⎧⎨                                                                                      (E.19
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? The transform equations of the coordinates from the static systems to the rotational 
systems are as follows: 
     
  
1 1 1 1 1cos sin
sin cos
x X Y
y X Y1 1 1 1 1
ϕ ϕ
ϕ ϕ
⎧⎨ = +                                                      
= −
⎩
                                      (E.20) 
 
    2 2 1 2 1
in
2 2 1 1 1
cos s
sin cos
x X i Y
y X i Y i
iϕ ϕ
ϕ ϕ
= −⎧⎨ = +⎩
? The transform equations of the coordinates from the rotational systems to the static  
systems are as follows: 
  
  
                                                                                        (E.21) 
 
   1 2
1 2
X A X
Y Y
= −⎧⎨ =⎩
                                                                                                              (E.22) 
     
 
2 1
2 1
X A X
Y Y
= −⎧⎨ =⎩
                                                                                                              (E.23) 
 
The locus of the contact point between the mating rotor profiles in the static coordinate 
system is called the meshing line, which is projection of the contact line between the rotors in 
cross-sectional plane. The meshing line is a closed contour (has contour loop). Interruption in 
the meshing line, occur through interruption in contact lines. The meshing line length is 
function of the rotor profiles. As the meshing line is the projection of the contact line on 
rotors overlapping area there is a direct proportionality relationship between the contact line 
length and the meshing line length for a given set of mating rotors, such that the longer 
meshing line, the longer contact line. Therefore the meshing line results as an important 
factor for evaluation of different rotor profile and influences the supercharger performance. 
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The equations of the meshing line are obtained by substituting equation (E.11) into equation 
(E.17) or by substituting equation (E.4) into equation (E.17) which are simultaneous with the 
quation. The following two equation systems show the equations of the 
meshing line in the two static coordinate systems respectively: 
 
envelop condition e
1 1 1
1
( , )
( , ) 0
X X t
f t
1 1 1( , )Y Y t
ϕ
ϕ
ϕ
=⎧
=⎩
                                                                                 (E.24) 
 
⎪ =⎨⎪
                 
2 2 1
1
( , )
( , ) 0
Y Y t
f t
2 2 1
( , )X X t ϕ
ϕ
ϕ
⎪ =⎨⎪ =⎩
                                                                                                 (
 
         
=⎧
E.25) 
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APPENDIX G 
aser Doppler Velocimetry 
aser Doppler Velocimetry (LDV) is the proven technique that measures flow rate and velocity 
accurately and non-invasive. LDV measurements are made at a point defined by the intersection 
 two laser beams. As a particle passes through the probe volume, it scatters light from the 
ams into a detector. The frequency of the resulting Doppler burst signal is directly proportional 
. LDV system electronics provide accurate and reliable flow velocity data, 
tics. 
Theoretically, it is possible to measure the velocity of a particle by measuring the Doppler 
equency of the scattered light relative to the base frequency. Also the direction of a moving 
rticle can be determined accurately when
 
 
L
L
of
be
to the particle velocity
including turbulence statis
 
fr
pa f , the frequency of the scattered light intensity signal 
is taken to be the signed Doppler frequency shift caused by particle motion. Thus, for a known 
rticle traversing a fringe pattern at a known distance D from the diffraction openings, the 
locity may be determined by the time it takes for the particle to traverse one or more fringes 
along the surface of the viewing plane. 
Schematic back scatter method for LDV measurement is represented in Figure G.1. Figure G2 
nceptually the effect of the wavefronts of two cylindrical, coherent laser beams of 
entical frequency and Gaussian intensity distribution converging at the focal point of a lens  
ace. 
pa
ve
 
represents co
id
producing a small volume of fringe surf
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APPENDIX H 
 
 
The QUAD Model of the Research presented in the Thesis 
The QUAD Model of the research presented in this Thesis is detailed in Figure H1. 
It indicates the interaction between this research needs, requirements, technology readiness level, 
research stages and the most relevant research applications. 
 
 
 
 
 
 
 
 
 
 
 
 247
  T
ec
hn
ol
og
y 
– 
Te
ch
ni
ca
l R
ea
di
ne
ss
 L
ev
el
 r
es
ul
te
d 
fr
om
 th
e 
Li
te
ra
tu
re
 R
ev
ie
w
 
? 
Li
m
ite
d 
ap
pl
ic
at
io
n 
of
 tw
in
-s
cr
ew
 su
pe
rc
ha
rg
er
s d
ue
 to
 li
m
ite
d 
pe
rfo
rm
an
ce
 
   
   
  b
y 
lim
ite
d 
ac
ce
ss
 to
 su
pe
rc
ha
rg
er
 ro
to
r d
es
ig
n 
an
d 
op
tim
is
at
io
n 
da
ta
 
? 
U
na
va
ila
bi
lit
y 
of
 ro
to
r p
ro
fil
e 
de
sig
n 
de
ta
ils
 
? 
La
ck
 o
f a
 3
D
 p
ar
am
et
ric
 m
at
he
m
at
ic
al
 m
od
el
 to
 c
on
tro
l a
cc
ur
at
el
y 
an
d 
   
   
 e
ff
ic
ie
nt
ly
 th
e 
ge
om
et
ry
 o
f t
he
 tw
in
-s
cr
ew
 su
pe
rc
ha
rg
er
 ro
to
r p
ro
fil
e 
de
si
gn
 
? 
La
ck
 o
f a
ut
om
at
ed
 to
ol
s t
o 
as
se
ss
 th
e 
qu
al
ity
 o
f t
he
 g
eo
m
et
ric
 p
ro
fil
e 
de
si
gn
  
? 
La
ck
 o
f  
au
to
m
at
ed
 to
ol
s t
o 
ac
cu
ra
te
ly
 p
re
di
ct
  t
he
 a
ir 
vo
lu
m
e 
de
liv
er
y 
an
d 
 
   
   
 o
pt
im
um
 e
ff
ic
ie
nc
y 
 o
f t
he
 tw
in
-s
cr
ew
 su
pe
rc
ha
rg
er
  
? 
La
ck
 o
f o
pt
im
is
at
io
n 
to
ol
s o
f t
w
in
-s
cr
ew
 su
pe
rc
ha
rg
er
 ro
to
r g
eo
m
et
ric
 d
es
ig
n 
 
? 
R
es
ea
rc
h 
re
qu
ire
d 
fo
r i
m
pr
ov
em
en
t o
f t
w
in
-s
cr
ew
 su
pe
rc
ha
rg
er
 d
es
ig
n 
? 
R
es
ea
rc
h 
re
qu
ire
d 
to
 c
re
at
e 
m
od
el
lin
g,
 si
m
ul
at
io
n 
an
d 
op
tim
is
at
io
n 
to
ol
s  
   
   
  a
nd
 se
le
ct
 th
e 
op
tim
um
 ro
to
r g
eo
m
et
ry
  i
n 
tw
in
-s
cr
ew
 su
pe
rc
ha
rg
er
 
   
 d
es
ig
n,
 fo
r p
re
di
ct
ed
  m
ax
im
um
 e
ff
ic
ie
nc
y 
 a
nd
 v
ol
um
e 
de
liv
er
ed
 c
rit
er
ia
  
   
St
ag
es
 o
f R
es
ea
rc
h 
pr
es
en
te
d 
in
 th
is 
Th
es
is 
? 
M
at
he
m
at
ic
al
 m
od
el
lin
g 
of
 ro
to
rs
 in
 tw
in
-s
cr
ew
 su
pe
rc
ha
rg
er
s 
? 
C
A
D
 m
od
ul
e 
fo
r d
es
ig
n 
of
 tw
in
-s
cr
ew
 su
pe
rc
ha
rg
er
 ro
to
r m
od
el
s 
? 
D
yn
am
ic
 si
m
ila
rit
y 
an
al
ys
is
 o
f t
w
in
-s
cr
ew
 su
pe
rc
ha
rg
er
 m
od
el
s 
? 
Id
en
tif
ic
at
io
n 
of
 fl
ow
 a
nd
 le
ak
ag
e 
ch
ar
ac
te
ris
tic
s i
n 
tw
in
-s
cr
ew
 su
pe
rc
ha
rg
er
s  
  
? 
Ex
pe
rim
en
ta
l i
nv
es
tig
at
io
n 
of
 fl
ow
 c
ha
ra
ct
er
is
tic
s i
n 
tw
in
-s
cr
ew
  
   
   
su
pe
rc
ha
rg
er
s u
si
ng
 L
as
er
 V
el
oc
im
et
ry
 
? 
St
ra
te
gi
es
 fo
r m
ul
tid
is
ci
pl
in
ar
y 
de
si
gn
 o
pt
im
is
at
io
n 
of
 ro
to
rs
 in
 tw
in
-s
cr
ew
 
   
   
 su
pe
rc
ha
rg
er
s 
? 
R
es
ea
rc
h 
co
nc
lu
si
on
s a
nd
 re
co
m
m
en
da
tio
ns
 
 
  B
ac
kg
ro
un
d 
– 
R
es
ea
rc
h 
 M
ot
iv
at
io
n 
? 
N
ee
d 
fo
r a
 d
es
ig
n 
m
et
ho
d 
of
 tw
in
-s
cr
ew
 su
pe
rc
ha
rg
er
s b
as
ed
 o
n 
th
e 
3D
 
   
   
pa
ra
m
et
ric
 m
at
he
m
at
ic
al
 m
od
el
 o
f t
he
 tw
in
-s
cr
ew
 su
pe
rc
ha
rg
er
 ro
to
rs
  
? 
N
ee
d 
fo
r a
 m
et
ho
d 
fo
r o
pt
im
is
at
io
n 
of
 th
e 
tw
in
-s
cr
ew
 su
pe
rc
ha
rg
er
 ro
to
r d
es
ig
n 
? 
La
ck
 o
f i
nf
or
m
at
io
n 
 o
n 
av
ai
la
bl
e 
tw
in
-s
cr
ew
 su
pe
rc
ha
rg
er
  r
ot
or
 d
es
ig
n 
? 
La
ck
 o
f u
ni
ta
ry
 th
eo
ry
 to
 a
cc
ur
at
el
y 
pr
ed
ic
t l
ea
ka
ge
 a
nd
 it
s i
nf
lu
en
ce
 
   
   
on
 th
e 
su
pe
rc
ha
rg
er
 e
ff
ic
ie
nc
y 
in
 c
or
re
la
tio
n 
w
ith
 th
e 
cl
ea
ra
nc
e 
va
ria
tio
n 
 
? 
N
ee
d 
of
 a
 3
D
 p
ar
am
et
ric
 m
at
he
m
at
ic
al
 m
od
el
 o
f t
he
 tw
in
-s
cr
ew
 su
pe
rc
ha
rg
er
 
   
   
 ro
to
rs
 to
 b
e 
us
ed
  f
or
 o
pt
im
isa
tio
n 
of
 th
e 
ge
om
et
ric
 d
es
ig
n 
of
 th
e 
su
pe
rc
ha
rg
er
 
? 
N
ee
d 
fo
r d
es
ig
n 
cr
ite
ria
 w
hi
ch
 a
llo
w
 id
en
tif
ic
at
io
n 
an
d 
co
nt
ro
l t
he
 su
pe
rc
ha
rg
er
 
   
   
 ro
to
r g
eo
m
et
ric
 p
ar
am
et
er
s c
or
re
la
te
d 
w
ith
 c
rit
ic
al
 c
le
ar
an
ce
 a
nd
 le
ak
ag
e 
 
? 
N
ee
d 
of
 a
 sh
or
te
r t
w
in
-s
cr
ew
 su
pe
rc
ha
rg
er
 d
es
ig
n 
cy
cl
e 
? 
N
ee
d 
of
 c
os
t r
ed
uc
tio
n 
of
 th
e 
tw
in
-s
cr
ew
 su
pe
rc
ha
rg
er
 R
es
ea
rc
h 
&
 D
ev
el
op
m
en
t 
? 
N
ee
d 
fo
r s
m
al
le
r s
up
er
ch
ar
ge
d 
hi
gh
-p
er
fo
rm
an
ce
 e
ng
in
es
, w
hi
ch
 a
llo
w
 
   
   
 d
ow
ns
iz
in
g 
, r
ed
uc
tio
n 
of
 o
ve
ra
ll 
m
ot
or
 v
eh
ic
le
 w
ei
gh
t a
nd
 fu
el
 e
co
no
m
y,
 w
hi
le
  
   
   
 e
nv
iro
nm
en
ta
lly
 fr
ie
nd
ly
 a
nd
 m
ai
nt
ai
ni
ng
 g
oo
d 
dr
iv
ab
ili
ty
   
  A
pp
lic
at
io
n 
of
 R
es
ea
rc
h 
pr
es
en
te
d 
in
 th
is
 T
he
sis
 
? 
Tw
in
-s
cr
ew
 su
pe
rc
ha
rg
er
 ro
to
r d
es
ig
n 
ba
se
d 
on
 a
n 
or
ig
in
al
 3
D
 p
ar
am
et
ric
  
   
   
 m
at
he
m
at
ic
al
 m
od
el
 o
f t
he
 tw
in
-s
cr
ew
 su
pe
rc
ha
rg
er
  r
ot
or
s  
? 
A
ut
om
at
ed
 tw
in
-s
cr
ew
 su
pe
rc
ha
rg
er
  r
ot
or
 d
es
ig
n 
ba
se
d 
on
 a
  s
im
ul
at
io
n 
sy
st
em
 
   
   
fo
r s
up
er
ch
ar
ge
r  
ro
to
r p
ro
fil
es
, r
ot
or
s a
nd
 ro
to
r m
es
hi
ng
 w
ith
 c
le
ar
an
ce
  
? 
A
 m
ul
tid
is
ci
pl
in
ar
y 
de
sig
n 
op
tim
is
at
io
n 
m
et
ho
d 
fo
r t
w
in
-s
cr
ew
 su
pe
rc
ha
rg
er
s, 
   
   
ba
se
d 
on
 th
e 
id
en
tif
ic
at
io
n 
of
 th
e 
op
tim
al
 su
pe
rc
ha
rg
er
 g
eo
m
et
ric
 ro
to
r d
es
ig
n 
? 
Fa
st
er
 d
es
ig
n 
pr
oc
es
s, 
by
 a
 sh
or
te
r  
tw
in
-s
cr
ew
 su
pe
rc
ha
rg
er
s d
es
ig
n 
cy
cl
e 
? 
C
he
ap
er
 tw
in
-s
cr
ew
 su
pe
rc
ha
rg
er
 R
es
ea
rc
h 
&
 D
ev
el
op
m
en
t c
os
ts
, b
y 
re
du
ct
io
n 
   
   
 o
f t
he
 e
m
pi
ric
al
 d
es
ig
n 
co
m
po
ne
nt
s d
er
iv
ed
 fr
om
 te
st
in
g 
of
 sc
al
ed
 m
od
el
s a
nd
 
   
   
 p
ro
to
ty
pe
s 
? 
O
pt
im
is
at
io
n 
of
 tw
in
-s
cr
ew
 su
pe
rc
ha
rg
er
 - 
en
gi
ne
 m
at
ch
in
g 
pr
oc
es
s, 
by
  
   
   
 a
do
pt
in
g 
op
tim
is
at
io
n 
of
 th
e 
su
pe
rc
ha
rg
er
 d
es
ig
n 
 fo
r a
 sp
ec
ifi
c 
en
gi
ne
 
? 
Sm
al
le
r s
up
er
ch
ar
ge
d 
hi
gh
-p
er
fo
rm
an
ce
 e
ng
in
es
, w
hi
ch
 a
llo
w
s d
ow
ns
iz
in
g 
an
d 
 
   
   
re
du
ct
io
n 
of
 o
ve
ra
ll 
m
ot
or
 v
eh
ic
le
 w
ei
gh
t a
nd
 b
et
te
r f
ue
l e
ff
ic
ie
nc
y 
 
Fi
gu
re
 2
.1
: Q
U
A
D
 M
od
el
 o
f t
he
 R
es
ea
rc
h 
pr
es
en
te
d 
in
 th
e 
Th
es
is
 
 
 248
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 249
